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ADYEKTISEMEETT 

TO    THE    THIRD    EDITION. 


DURING  the  preparation  of  a  new  edition  of  this  volume  for 
the  press,  several  important  additions  have  been  made, 
which  it  may  be  useful  here  to  mention. 

In  the  opening  chapter  some  general  remarks  have  been  in- 
troduced upon  the  nature  of  Atoms,  Equivalents,  and  Molecules. 
The  principle  upon  which  the  elements  are  classified  according 
to  their  atomic  tendency  is  also  explained ;  and  a  tabular  classi- 
fication of  the  elements  in  accordance  with  this  view,  including 
the  requisite  changes  in  the  numbers  representing  their  atomic 
weights,  is  given. 

In  cases  where  the  new  atomic  weights  have  been  adopted, 
the  fact  is  indicated  in  the  formulae  by  representing  them  by 
italic  symbols.  Any  formula  in  which  this  notation  is  adopted 
can  be  converted  into  the  old  notation  by  multiplying  the  num- 
bers of  atoms  indicated  by  the  italic  symbols  by  two ;  for  ex- 
ample, with  the  symbols  which  represent  the  new  atomic  weights 
for  carbon  and  oxygen,  acetate  of  potassium  is  written  K0tH,0t, 
but  it  is  at  once  converted  into  the  corresponding  formula  on 
the  old  notation,  KC4H,04,  by  doubling  the  numbers  which  indi- 
cate the  number  of  atoms  of  carbon  and  hydrogen. 

In  the  chapter  on  adhesion  is  included  a  sketch  of  Graham's 
researches  on  Dialysis  and  on  Liquid  Transpiration.  In  the 
chapter  on  Light,  a  tolerably  full  account  of  the  recent  disco v- 
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IV  ADVERTISEMENT  TO  THE  THIRD  EDITION. 

eries  in  the  spectrum  is  given.  In  the  chapter  on  Heat,  an  ac- 
count of  Kegnault's  researches  on  the  Specific  Heat  of  Gases  and 
Vapours,  as  well  as  of  Tyndall's  on  the  diathermacy  of  those 
bodies,  is  inserted.  The  experimental  results  of  Regnault  on 
Specific  Heat  generally,  and  of  Andrews  'and  others  on  the  Heat 
of  Combination,  have  also  been  introduced  into  this  chapter,  they 
having  been  transferred  from  the  third  volume  of  the  work  in 
order  that  the  reader  may  have  before  him,  in  a  connected  form, 
the  phenomena  of  heat  which  are  referred  to  in  this  treatise. 

For  a  similar  reason  the  results  of  Electrolysis,  hitherto  treat- 
ed at  the  end  of  the  Second  Yolume,  apart  from  the  general 
phenomena  of  Electricity,  have  been  introduced  into  the  chapter 
on  Voltaic  Electricity,  immediately  after  the  laws  of  Electrolysis 
have  been  explained.  This  alteration,  though  it  somewhat  in- 
creases the  bulk  of  the  present  volume,  will,  it  is  hoped,  add 
much  to  the  convenience  of  those  who  may  have  occasion  to  con- 
sult it. 

Besides  the  larger  editions  already  enumerated,  various  others 
of  less  importance  have  been  made  throughout  the  work,  which 
has  been  carefully  revised  with  the  view  of  placing  before  the 
reader,  as  far  as  may  be,  a  representation  of  the  present  state  of 
the  different  branches  of  science  of  which  it  treats. 

King**  College,  London,  August,  1863. 
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ADVEKTISEMEOT 

TO    THE    FIRST    EDITION. 


THE  work,  of  which  the  First  Part  is  now  presented  to  the 
Header,  was  originally  designed  to  supply  the  Students 
who  were  attending  the  Course  of  Lectures  on  Chemistry  at 
King's  College  with  a  text-book  to  guide  them  in  their  studies. 

The  present  Part,  on  Chemical  Physics,  is  devoted  to  a  sub- 
ject upon  which  no  elementary  work  has  appeared  in  this  coun- 
try since  the  publication  of  the  excellent  Treatise  of  the  late 
Professor  Daniell,  and  in  attempting  to  supply  what  the  Author, 
in  his  own  experience,  has  felt  to  be  a  want,  he  ventures  to  hope 
that  the  result  of  his  labours  may  be  found  useful  to  persons  be- 
yond the  circle  of  his  own  immediate  Class.  Much  new  matter, 
which  has  never  yet  been  reduced  to  a  systematic  form,  is  now 
presented  to  the  Student,  particularly  in  the  chapters  on  Adhe- 
sion, on  Heat,  and  on  Voltaic  Electricity. 

It  is  proposed  to  complete  the  work  in  Three  Parts.  The 
Second  Part,  which  will  be  devoted  to  Inorganic  Chemistry,  is 
expected  to  be  ready  by  the* end  of  the  present  year;  and  the 
Third  Part,  which  will  embrace  Organic  Chemistry,  in  the 
spring  of  next  year. 

As  the  Author  was  originally  a  pupil  of  Professor  Daniell, 
and  was  subsequently,  for  several  years,  associated  with  him  as 
Lecturer  on  Chemistry,  it  has  happened  that  in  some  of  the  sub- 
jects treated  of  in  this  volume,  the  thoughts  and  mode  of  ar- 


VI  ADVERTISEMENT  TO  THE  FIBST  EDITION. 

rangement  resemble  those  adopted  by  that  distinguished  philoso- 
pher in  his  Introduction  to  the  Study  of  Chemical  Philosophy. 

The  second  Edition  of  that  work  was  published  so  fat  back  as 
1843 ;  and  even  if  the  work  itself  had  not  been  long  out  of  print, 
the  progress  of  science  would  have  detracted  greatly  from  its 
utility  as  a  text-book.  The  adaptation  of  that  work  to  the  sys- 
tematic teaching  of  the  present  day  would  have  involved  changes 
of  an  extensive  character :  moreover,  every  teacher  who  takes 
an  interest  in  the  progress  of  his  class  has  his  own  viewB  and 
methods.  The  Author,  therefore,  judged  it  better,  .after  much 
consideration,  to  bring  out  a  new  work,  leaving  untouched  that 
of  his  late  Master  as  the  true  exponent  of  his  views  upon  some 
of  those  branches  of  science  which  his  researches  had  contributed 
to  advance  and  adorn. 

The  Author  cannot  omit  to  avail  himself  of  the  present  op- 
portunity of  expressing  his  obligations  to  his  friend,  Mr.  0.  Tom- 
linson,  for  many  valuable  suggestions,  and  for  the  warm  interest 
which  he  has  taken  in  the  progress  of  the  work,  but  more  espe- 
cially for  the  devotion  of  no  inconsiderable  portion  of  time  and 
labour  to  the  revision  of  the  proof-sheets. 

» 

King* 8  CoUege,  London,  March,  1855. 
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ELEMENTS  OF  CHEMISTRY. 


PART   I. 
CHEMICAL    PHYSICS. 


CHAPTEK  L 

PRELIMINARY  VIEW  OF  CHEMICAL  ATTRACTION — LAWS   OF 
COMBINATION. 

(1)  Chemical  Distinction  of  Bodies  into  Elements  and  Com- 
pouna*. — Modern  science  has  shown  that,  numberless  as  are  the 
substances  presented  to  us  in  the  daily  experience  of  life,  there 
are  very  few  which  cannot  be  separated  into  other  substances  of 
a  less  complicated  nature,  whicn  enter  generally  into  the  forma- 
tion of  the  various  bodies  with  which  we  are  familiar.  For 
example,  the  wood  of  our  tables,  the  paper  on  which  we  write, 
the  pen  which  records  our  thoughts,  are  each  separable  into 
three  or  four  distinct  substances ;  namely— oxygen,  hydrogen, 
carbon,  and  nitrogen ;  from  which,  however,  further  efforts  fail 
to  extract  other  simpler  forms  of  matter.  It  is  the  province  of 
chemistry  to  ascertain  the  nature  of  these  different  component 
substances,  to  trace  their  mutual  actions  on  each  other,  to  effect 
new  combinations  of  these  components  with  each  other,  and  to 
define  the  conditions  under  which  the  combinations  existing 
around  us  are  producible.  Bodies  which  have  hitherto  resisted 
all  attempts  to  resolve  them  into  simpler  forms  of  matter  are  in 
chemical  language  termed  elements,  or  simple  substances.  In 
popular  language,  the  word  element  is  often  referred  to  fire,  air, 
earth,  and  water.  A  very  slight  acquaintance  with  chemistry  is 
sufficient  to  prove  that  air,  earth,  and  water  are  compound  bodies, 
and  that  fire  is  mainly  the  result  of  a  high  temperature  on  cer- 
tain bodies. 

Simple  or  elementary  substances,  then,  are  limited  in  number. 
In  the  present  state  of  the  science  only  6ixtv-three  are  known. 
(12)  Man j  of  these  are  familiar  to  us  in  the  form  of  metals,  such 
as  gold,  silver,  copper,  iron,  lead,  tin,  and  mercury.    There  are 
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other  substances  which  are  equally  familiar,  but  which  have  no 
resemblance  to  the  metals ;  such  as  charcoal,  sulphur,  and  phos- 
phorus. Some  simple  substances  exist  in  the  form  of  air  or  gas. 
Such,  for  example,  are  the  two  essential  components  of  the  atmo- 
sphere, oxygen  and  nitrogen. 

Simple  substances  have  been  divided  into  two  great  classes — 
rum-metalMc*  and  metallic.  The  substances  comprised  in  the  lat- 
ter class  are  the  more  numerous,,  but  those  in  the  former  are  the 
more  abundantly  distributed. 

The  elements  enumerated  as  non-metallic  are  fourteen  in 
number — viz., 

Oxygen  Chlorine  Sulphur  Boron 

Hydrogen  Bromine  Selenium  Silicon 

Nitrogen  Iodine  Tellurium 

Carbon  Fluorine  Phosphorus 

Of  these  substances,  oxygen,  hydrogen,  nitrogen,  chlorine,  and 
probably  fluorine,  are  gaseous;  bromine  is  liquid,  and  carbon, 
iodine,  sulphur,  selenium,  tellurium,  phosphorus,  boron,  and  sili- 
con, are  solid  at  ordinary  temperatures. 

All  natural  objects  consist  either  of  simple  bodies,  or  they  are 
composed  of  two  or  more  of  these  simple  bodies  united  according 
to  certain  rules  or  laws  which  form  the  groundwork  of  the  science 
of  chemistry.  Substances  thus  produced  by  the  union  of  two  or 
more  elements  are  termed  compound  bodies.  These  compounds 
have  in  general  no  more  resemblance  ii*  properties  to  the  ele- 
ments which  have  united  to  form  them,  than  a  word  has  to  the 
letters  of  which  it  is  made  up. 

(2)  Differences  between  Physical  and  Chemical  Properties. — 
The  properties  which  characterize  objects  in  general  may  be 
classed  under  two  heads,  viz.,  physical  and  chemical. 

The  physical  properties  of  an  object  are  those  which  refer  to 
its  condition,  whether  solid,  liquid,  or  gaseous.  Crystalline  form, 
specific  gravity,  hardness,  colour,  transparency,  or  opacity,  and 
tie  relations  of  the  object  to  heat  and  electricity,  are  physical 
properties.  Physical  properties  are  independent  of  the  action 
which  the  body  exerts  upon  other  bodies ;  whilst  the  chemical 
properties  of  the  body  relate  essentially  to  its  action  upon  other 
bodies,  and  to  the  permanent  changes  which  it  either  experiences 
in  itself,  or  which  it  effects  upon  them.  For  example,  in  indi- 
cating the  physical  properties  of  such  a  substance  as  sulphur,  we 
should  refer  to  its  brittleness,  crystalline  structure,  its  faint  pecu- 
liar odour,  yellow  colour,  its  semi-transparency,  the  facility  with 
which  if  rubbed  it  exhibits  electrical  attraction,  and  so  on  ;  but 
if  we  would  take  note  of  its  chemical  properties,  it  would  be 
necessary  to  refer  to  those  operations  by  which  the  body  usually 
becomes  changed,  and  loses  its  distinctive  physical  characters — 

*  Some  writers  speak  of  the  non-metallic  bodies  as  the  metalloids,  a  term  which  sig- 
nifies metal-like  substances.  This  unfortunate  misnomer  could  never  have  become  even 
partially  current,  but  for  the  want  of  a  good  single  word  for  the  phrase  "non-metaHto 
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such  as  the  ease  with  which  it  takes  fire,  the  rapidity  with  which 
it  unites  with  silver  or  copper,  especially  if  heated,  its  insolubility 
in  water  or  alcohol,  and  its  solubility  in  oil  of  turpentine  and  in 
alkaline  liquids. 

It  is  not,  however,  alwavs  possible  to  draw  the  line  between 
physics  and  chemistry ;  this  is  of  the  less  importance,  since  the 
chemical  nature  of  any  substance  could  be  but  imperfectly 
studied,  without  a  tolerably  complete  knowledge  of  its  leading 
physical  characters,  which  are  those  by  which  it  is  most  readily 
denned. 

(3)  Physical  States  of  Matter. — Natural  objects  are  presented 
to  us  in  three  states,  or  physical  conditions — viz.,  the  solid,  the 
liquid,  and  the  gaseous,  aeriform,  or  vaporous.  Every  substance 
exists  in  one  or  other  of  these  conditions.  The  same  body  may, 
however,  often  assume  any  one  of  these  conditions  at  different 
times,  and  may  pass  from  one  to  the  other  for  an  indefinite  num- 
ber of  times,  according  as  it  is  exposed  to  a  greater  or  less  degree 
of  heat.  Ice,  water,  and  steam  are  all  the  same  material  in  three 
different  states.  Whichever  be  the  form  that  matter  assumes,  it 
always  retains  that  attraction  for  the  earth  which  gives  it  weight, 
— whether  visible,  as  in  the  state  of  ice  or  water,  or  invisible,  as 
in  that  of  steam.  A  quantity  of  ice  or  of  water  that  weighs  a 
pound,  will  still,  as  steam,  be  equally  a  pound  in  weight.  So  it 
is  with  all  gases ;  the  air,  although  invisible,  is  not  the  less  capa- 
ble of  being  weighed  and  measured. 

(4)  Porosity. — Natural  objects,  of  whatever  form,  are  com- 
posed of  particles  which  are  not  in  actual  contact,  but  are  sep- 
arated by  spaces  or  intervals  termed  pores.  A  lump  of 
sugar  or  of  salt  is  at  once  seen  to  consist  of  a  collection  of  Fl°-  *• 
smaller  solid  particles,  with  intervening;  spaces;  but  the 
porosity  of  such  bodies  as  water,  of  spirit  of  wine,  or  of 
iron,  is  not  so  obvious,  although  the  existence  of  the  prop-  f 
erty  is  not  less  certain.  Theporosity  of  spirit  and  of  water  { 
may  be  shown  as  follows : — GStke  a  long>  narrow  tube  with 
a  couple  of  bulbs  blown  in  it,  and  furnished  with  an  accu- 
rately fitting  stopper,  as  represented  in  fig.  1 ;  fill  the  tube 
and  lower  bulb  with  water,  then  carefully^  and  completely 
fill  up  the  upper  bulb  and  neck  with  spirit  of  wine,  and 
insert  the  stopper.  The  structure  of  the  apparatus,  and 
the  different  densities  of  the  two  liquids,  prevent  them  from 
mixing;  but  on  turning  the  tube  upside  down  and  back 
again  three  or  four  times,  so  as  to  mix  the  spirit  and  water 
thoroughly,  and  then  holding  the  instrument  with  the  bulbs 
downwards,  an  empty  space  will  be  seen  in  the  tube  after 
they  have  been  thus  mixed,  showing  that  they  now  occnpy 
less  space  than  before ;  that  their  particles  are  in  fact  closer 
together.  Proofs  of  porosity  are  afforded  even  by  the  met- 
als ;  for  example,  many  of  them  become  more  compact  by 
hammering,  as  is  the  case  with  platinum ;  and  all  of  them,  not 
excepting  platinum  and  gold,  two  of  the  densest  forms  of  matter, 
however  cold  they  may  be,  shrink  into  a  smaller  space  when  ren- 
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dered  still  colder.  The  ultimate  particles  therefore  cannot  be  in 
contact. 

(4  a)  Divisibility  of  Matter. — What  the  real  size  of  these 
ultimate  particles  may  he,  we  have  no  means  of  determining, 
although,  as  will  be  seen  hereafter,  there  are  strong  grounds  for 
believing  that  the  divisibility  of  matter,  extreme  as  it  is,  has  its 
assigned  and  definite  limits.  Experience,  however,  shows  that 
whatever  be  the  form  of  matter  selected  for  our  experiments, 
that  divisibility  may  be  manifested  to  an  extent  which  transcends 
our  powers  of  conception.  The  divisibility  of  gold  is  often  given 
in  illustration  of  this  point.  In  the  ordinary  process  of  making 
gold  leaf,  a  single  grain  of  gold  is  hammered  out  until  it  coven  a 
square  space  seven  inches  in  the  side.  Each  square  inch  of  this 
may  be  cut  into  100  strips,  and  each  strip  into  100  pieces,  each 
of  which  is  distinctly  visible  to  the  unaided  eye.  A  single  grain 
of  gold  may  thus,  by  mechanical  means,  be  subdivided  into 
49x100x100=490,000  visible  pieces.  But  this  is  not  all;  if 
attached  to  a  piece  of  glass,  this  gold  leaf  may  be  subdivided  still 
further ;  10,000  parallel  lines  may  be  ruled  in  the  space  of  one 
single  inch,  so  that  a  square  inch  of  gold  leaf,  weighing  TV  of  a 
grain,  may  be  cut  into  10,000  times  10,000  or  100,000,000  pieces, 
or  an  entire  grain  into  4,900,000,000  fragments— each  of  which 
is  visible  by  means  of  the  microscope.  Yet  we  are  quite  sure 
that  we  have  not  even  approached  the  possible  limits  of  subdi- 
vision, because,  in  coating  silver  wire,  the  covering  of  gold  is  far 
thinner  than  the  gold  leaf  originally  attached  to  it,  since  in  draw- 
ing down  the  gilt  wire  the  gold  continues  to  become  thinner  and 
thinner  each  time,  in  proportion  as  the  silver  wire  itself  is  reduced 
in  thickness. 

When  a  substance  is  dissolved  in  any  liquid,  the  subdivision 
is  carried  still  further,  and  the  particles  are  rendered  so  minute 
as  to  escape  our  eyesight  even  when  aided  by  the  most  powerful 
magnifiers. 

(5)  Varieties  of  Attraction. — Mere  mechanical  subdivision,  or 
even  the  more  perfect  separation  of  the  particles  which  compose 
a  compound  body,  by  the  process  of  solution,  does  not,  however, 
suffice  to  put  us  in  possession  of  the  simple  substances  from  which 
the  compound  is  formed.  A  piece  of  loaf  sugar  may  be  reduced, 
by  trituration,  to  an  impalpable  powder,  but  every  particle  of 
that  powder  will  still  be  sugar ;  it  may  be  dissolved  in  water, 
but  each  drop  of  the  liquid  will  still  contain  sugar,  unaltered 
efceept  in  appearance.  Sugar,  however,  is  composed  of  three 
elements — carbon,  hydrogen,  and  oxygen ;  but  no  mere  tritura- 
tion or  solution  in  water  would  enable  us  to  extract  any  of  these 
substances  from  loaf  sugar. 

The  existence  of  a  body  as  a  solid  in  one  continuous  mass  is 
owing  to  the  exertion  of  cohesion — a  force  of  considerable  in- 
tensity, but  which  varies  in  different  bodies,  and  by  this  variation 
produces  varieties  in  the  toughness,  hardness,  and  brittleness  of 
bodies.  But  the  power  which  unites  the  various  chemical  ele- 
ments to  form  a  new  compound,  endowed  with  properties  entirely 
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different  from  those  of  any  of  its  constituents,  is  of  a  different 
nature  from  cohesion,  and  of  a  more  stibtle  kind.  Chemical 
attraction  or  affinity,  as  this  force  is  often,  but  not  very  philo- 
sophically termed,  is  exerted  betweeif  the  smallest  or  ultimate 
particles  of  one  element,  and  the  corresponding  particles  of  the 
other  elements  with  which  it  is  associated  in  the  particular  com- 
pound under  examination.  These  ultimate  particles  are  often 
spoken  of  as  atoms,  a  term  which  implies  that  the  particles  admit 
of  no  farther  subdivision. 

The  separation  of  a  body  into  its  constituents  is  the  business  of 
chemical  analysis  (from  ava  up,  or  backwards,  and^  \ucr19  separa- 
tion), and  it  has  for  its  object,  first,  the  determination  of  the 
nature  of  the  components — this  is  qualitative  analysis ;  secondly, 
the  determination  of  their  quantity — this  being  quantitative  anal- 
ysis. The  successful  performance  of  these  operations  of  analysis 
requires  a  somewhat  extensive  acquaintance  with  the  principles 
ana  the  facts  of  the  science,  combined  with  considerable  skill  in 
manipulation. 

(6)  General  Characters  of  Adds,  Alkalies,  cmd  Salts. — It  will 
facilitate  the  comprehension  of  the  remarks  on  chemical  attrac- 
tion which  are  about  to  follow,  to  allude  briefly  to  the  general 
characters  of  three  very  important  classes  of  compounds,  viz., 
acids,  alkalies,  and  salts. 

Acids  are  for  the  most  part  substances  which  are  soluble  in 
water,  have  a  sour  taste,  ana  exert  such  an  action  on  vegetable 
blue  colours  as  to  change  them  to  red.  For  example,  tincture  of 
litmus,  which  is  of  a  blue  colour,  is  exceedingly  sensitive  to  the 
action  of  a  small  quantity  of  acid :  paper  stained  with  this  tinc- 
ture is  in  frequent  use  by  the  chemist  for  detecting  the  presence 
of  acids. 

The  term  alkali  is  of  Arabic  origin :  it  was  given  in  the  first 
instance  to  carbonate  of  sodium,  obtained  from  tne  ashes  of  sea- 
weeds ;  but  it  is  now  applied  to  a  class  of  substances  possessing 
many  qualities  exactly  tne  reverse  of  those  which  belong  to  the 
acids.  An  alkali  is  soluble  in  water,  and  produces  a  liquid  which 
is  soapy  to  the  touch,  and  has  a  peculiar,  nauseous  taste;  it 
restores  the  blue  colour  to  vegetable  infusions  which  have  been 
reddened  by  an  acid ;  it  turns  many  of  these  blues  to  green,  as  * 
in  the  cases  of  the  red  cabbage  and  syrap  of  violets,  and  it  gives 
a. brown  colour  to  vegetable  yellows,  such  as  turmeric  and  rhu- 
barb. Litmus  paper  which  has  been  feebly  reddened  by  an  acid 
is  a  useful  means  of  showing  the  presence  of  an  alkali,  and  is 
more  sensitive  than  paper  stained  with  turmeric  or  with  rhubarb, 
which  is  also  in  common  use  for  the  same  purpose.  These  dif- 
ferent test  papers,  as  they  are  called,  show  whether  an  acid  or  an 
alkali  be  predominant  in  a  solution. 

Vinegar  or  acetic  acid,  oil  of  vitriol  or  sulphuric  acid,  muri- 
atic or  hydrochloric  acid,  aquafortis  or  nitric  acid,  are  familiar 
instances  of  the  class  of  acids.  Potash,  soda,  and  hartshorn  or 
ammonia,  are  instances  of  well-known  alkalies. 
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Both  acids  and  alkalies  are  remarkable  for  their  great  chem- 
ical activity.  The  metals,  compact  as  they  are,  may  be  dissolved 
by  many  of  the  acids.  Nitric  acid  attacks  copper  qnickly  and 
violently,  with  brisk  effervescence,  and  the  copious  escape  of  red 
fumes,  whilst  a  blue  liquid  is  formed  from  the  action.  Sulphuric 
acid  shows  similar  energy,  if  mixed  with  water  and  placed  in 
contact  with  iron  or  zinc.  Moreover,  both  these  acids,  when  not 
much  diluted  with  water,  produce  speedy  destruction  of  the  skin, 
and  of  nearly  all  animal  and  vegetable  matters.  The  solvent 
action  of  potash  or  of  soda,  is  not  less  marked.  Either  of  these 
alkalies  destroy  the  skin  if  allowed  to  remain  upon  it ;  and  also 
gradually  dissolves  portions  of  earthenware,  or  of  glaze  from  the 
vessels  which  contain  it,  and  the  solution,  if  suffered  to  fall  upon 
a  painted  surface,  quickly  removes  the  paint.  But  the  most 
remarkable  property  of  acids  and  alkalies  is  the  power  which 
they  have  of  uniting  with  each  other,  and  destroying  or  neutral- 
izing the  chemical  activity  which  distinguishes  them  when  sep- 
arate. 

Some  of  these  properties  of  acids  and  alkalies  may  be  sub 
mitted  to  experiment  by  means  of  a  coloured  vegetable  solution, 
such,  for  example,  as  the  purplish  liquid  prepared  by  slicing  a 
red  cabbage  and  boiling  it  with  water.  If  a  quantity  of  this 
infusion  be  divided  into  two  portions,  and  to  the  one  be  added  a 
quantity  of  diluted  sulphuric  acid,  a  red  liquid  is  obtained ;  and 
if  to  the  other  a  solution  of  caustic  potash  be  added,  a  liquid  of  a 
green  colour  is  formed ;  then,  on  gradually  pouring  the  alkaline 
solution  into  the  other,  stirring  the  mixture  constantly,  the  green 
colour  of  the  portions  first  added  instantly  disappears,  and  the 
whole  liquid  remains  red ;  as  more  and  more  of  the  alkali  is 
added,  the  red  by  degrees  passes  into  purple,  and  on  continuing 
to  add  the  alkaline  solution,  a  point  is  attained  when  the  liquid 
has  a  clear  blue  tint ;  at  this  moment  there  is  neither  potash  nor 
sulphuric  acid  in  exoess  in  the  liquid,  the  two  have  chemicallv 
united  with  each  other.  The  characteristic  properties  of  both 
have  disappeared,  and  on  evaporating  the  solution  at  a  gentle' 
heat,  a  solid  crystalline  substance  is  obtained,  resulting  from  the 
chemical  action  of  the  sulphuric  acid  upon  the  potash.  This 
substance  is  the  salt  usually  called  sulphate  ofpotmh^  or  sulphate 
of  potassium.  For  the  present,  it  may  be  sufficient  to  state,  that 
any  compound  produced  by  the  union  of  an  acid  with  an  alkaji, 
or  rather,  that  is  the  result  of  the  action  of  an  acid  upon  a  base, 
is  termed  a  saU.  Other  modes  of  forming  salts  will  be  men- 
tioned hereafter. 

It  must  not  be  supposed  that  all  acids  closely  resemble  those 
which  have  been  just  mentioned,  and  which  are  fi'eely  soluble  in 
water;  some  acids,  on  the  contrary,  are  but  slightly  soluble; 
such  for  instance  is  arsenious  acid,  the  white  arsenic  of  the  shops : 
other  acids  are  not  at  all  soluble ;  as,  for  example,  metastannic 
acid,  the  white  substance  obtained  by  the  action  of  nitric  acid 
upon  tin.    The  leading  character  of  an  acid,  in  a  chemical  sense, 
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is  its  power  of  reacting  with  alkalies  to  form  salts ;  and  this  char- 
acter is  possessed  by  white  arsenic,  in  common  with  various  other 
bodies  not  familiarly  regarded  as  acids.  Of  course  if  an  acid  be 
insoluble  it  has  no  sourness,  and  is  without  action  on  vegetable 
blues.* 

There  are  no  alkalies  which  are  insoluble,  but  there  are  sub- 
stances which  greatly  resemble  them  which  are  but  sparingly 
soluble,  such  as  lime  and  baryta;  these  are  termed  alkalvne 
earths.  There  are  also  numerous  other  substances,  compounds 
of  oxygen  with  the  metals,  termed  oxides,  such  for  instance  as 
oxide  of  silver,  oxide  of  iron,  and  oxide  of  lead,  which  are  insol- 
uble in  water,  but  which  are  easily  dissolved  by  acids,  forming 
on  evaporation  crystalline  compounds  or  salts.  For  instance,  by 
the  action  of  nitric  acid  upon  the  oxide  of  silver,  nitrate  of  silver 
and  water  are  produced ;  with  sulphuric  acid  and  oxide  of  iron, 
sulphate  of  iron  and  water  are  the  products ;  whilst  with  acetic 
acid  and  oxide  of  lead,  acetate  of  lead  and  water  are  obtained. 
Any  substance,  whether  it  be  soluble  in  water  or  not,  is  called  a 
lose  if  it  thus  have  the  power  of  reacting  with  acids,  neutralizing 
their  properties,  and  furnishing  by  such  action  a  salt,  whilst  at 
the  same  time  water  is  formed.  Hence  the  alkalies  constitute 
one  subdivision  of  the  more  numerous  class  of  bodies  known  as 
bases. 

(7)  Characters  of  Chemical  Attraction. — Chemical  attraction 
is  distinguished  by  well-marked  characters  from  other  kinds  of 
force  which  act  within  minute  distances. 

1.  Chemical  attraction  is.  exerted  within  its  own  limits  with 
intense  energy,  but  beyond  those  limits  it  is  entirely  powerless. 
An  iron  wire,  for  example,  which  will  support  a  weight  of  10001b. 
without  breaking,  will  yet  in  a  few  minutes  yield  to  the  almost 
noiseless  action  of  a  mixture  of  nitric  acid  and  water ;  the  stub- 
born metal  will  be  dissolved,  and  a  clear  solution  of  the  metallic 
mass  will  be  formed — particle  by  particle  of  the  metal  will  be* 
detached  from  the  wire,  and  no  vestige  of  its  structure  or  tenacity 
will  remain.  It  is  rarely  possible,  by  trituration  or  other  mechan- 
ical means,  to  bring  about  a  sufficient  approximation  amongst  the 
subdivided  particles  to  produce  chemical  action.  Tartaric  acid 
and  carbonate  of  sodium,  each  in  the  form  of  a  dry  powder,  mav 
be  incorporated  by  grinding  for  houfs  in  a  mortar,  but  they  will 
not  act  chemically  upon  each  other :  it  is  not  until  a  more  inti- 
mate contact  is  effected  by  the  addition  of  water,  which  dissolves 

*  Many  chemists  now,  with  good  reason,  limit  the  title  of  acid  to  a  particular  class 
of  substances  which  contain  hydrogen,  and  they  regard  all  acids  as  salts  of  hydrogen ; 
so  that,  instead  of  allowing  silica  or  white  arsenic  to  be  acids,  as  they  contain  no  hydro- 
gen, they  call  them  anhydrides  ;  bat  these  refinements  need  not  at  present  embarrass 
us,  and  we  shall  continue  frequently  to  designate  the  substance  known  as  carbonic  acid 
by  this  its  familiar  name,  though  a  consistent  nomenclature  would  give  it  the  term  car- 
bonic anhydride. 

The  characters  of  acids  and  of  salts,  and  their  various  modifications,  will  be  more 
fully  discussed  hereafter,  when  the  general  properties  of  the  metals  and  their  compounds 
ore  considered. 
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the  particles  of  both,  and  allows  them  mutually  to  approach 
closer,  that  the  brisk  effervescence,  due  to  the  expulsion  of  the 
carbonic  acid  gas,  occurs,  which  indicates  the  transfer  of  the 
sodium  with  which  it  was  previously  in  combination,  to  the  rad- 
icle of  the  tartaric  acid  and  the  formation  of  water  and  tartarate 
of  sodium. 

A  striking  illustration  of  the  difference  between  the  effects  of 
mechanical  intermixture  and  those  of  chemical  combination  is 
afforded  in  the  case  of  ordinary  gunpowder.  In  the  manufacture 
of  this  substance,  the  materials  of  which  it  is  made — viz.,  char- 
coal, sulphur,  and  nitre — are  separately  reduced  to  a  state  of  fine 
powder ;  they  are  then  intimately  mixed,  moistened  with  water, 
and  thoroughly  incorporated  by  grinding  for  some  hours  under 
edge  stones ;  the  resulting  mass  is  subjected  to  intense  pressure, 
and  the  cakes  so  obtained,  after  being  broken  up  and  reduced  to 
grains,  furnish  the  gunpowder  of  commerce.  In  this  state  it  is 
a  simple  mixture  of  nitre,  charcoal,  and  sulphur.  Water  will 
wash  out  the  nitre,  bisulphide  of  carbon  will  take  up  the  sulphur, 
and  the  charcoal  will  be  left  undissolved.  By  evaporating  the 
water,  the  nitre  is  obtained ;  and  on  allowing  the  bisulphide  of 
carbon  to  volatilize,  the  sulphur  remains.  If,  however,  we  cause 
the  materials  to  enter  into  chemical  combination,  all  is  changed ; 
a  spark  fires  the  powder ;  the  dormant  chemical  attractions  are 
called  into  operation,  a  large  volume  of  gaseous  matter  is  pro- 
duced; the  charcoal  disappears,  and  no  trace  of  the  original 
ingredients  which  formed  the  powder  is  left. 

2.  Chemical  attraction  must  from  its  very  nature  be  exerted 
between  dissimilar  substances.*  No  manifestation  of  this  force 
can  take  place  between  two  pieces  of  iron,  two  pieces  of  copper, 
or  two  pieces  of  sulphur ;  but  between  sulphur  and  copper,  or 
sulphur  and  iron,  chemical  action  of  the  most  energetic  kind 
may  occur.f 

Generally  speaking,  the  greater  the  difference  in  the  proper- 
ties of  the  two  bodies,  the  more  intense  is  their  tendency  to 
mutual  chemical  action.  The  metals,  as  a  class,  differ  as  widely 
from  the  acids*  as  possible,  but  the  acids  rapidly  dissolve  the 
metals.  Copper,  for  instance,  is  briskly  attacked  by  nitric  acid, 
iron  by  diluted  sulphuric  acid,  and  so  on.  Between  bodies  of  a 
similar  character,  the  tendency  to  union  is  but  feeble.  For 
example,  two  metallic  bodies,  copper  and  zinc,  will,  under  the 
influence  of  a  high  temperature,  unite  and  form  brass, — an  alloy, 
the  properties  of  which  are  intermediate  between  those  of  its 
constituents ;  but*  brass,  on  being  heated  strongly,  may  be  again 

*  Thifl  circumstance— viz.,  that  the  elements  which  combine  are  not  allied  in  prop- 
erties—is  sufficient  to  indicate  the  objection  to  the  use  of  the  term  affinity,  to  express 
this  form  of  attraction,  although  custom  has  sanctioned  its  employment 

f  It  is  highly  probable,  however,  as  will  bo  seen  hereafter,  that  the  isolated  bodies 
usually  viewed  as  elements  should  be  regarded  as  compounds,  the  molecules  of  which 
consist  of  particles  of  the  same  element  in  opposite  polar  or  electrical  conditions.  Hy- 
drogen gas,  for  instance,  is  to  be  regarded  as  hydnde  of  hydrogen,  or  a  compound  of 
hydrogen  with  hydrogen ;  chlorine  gas,  as  chlorite  of  chlorine,  and  so  on. 
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separated  into  copper,  which  remains,  and  into  zinc,  which  nearly 
alt  passes  off  in  vapour. 

8.  Another  of  the  most  remarkable  features  of  chemical 
attraction  is  the  entire  change  of  properties  which  it  occasions  in 
both  the  substances  dealt  with, — a  change  which  no  d  priori 
reasoning  could  possibly  predict.  If  the  blue  liquid  obtained  by 
dissolving  copper  in  nitric  acid  be  evaporated,  a  blue  crystalline 
salt  which  has  no  resemblance  either  to  the  acid  or  to  the  metal 
will  be  procured.  There  is  an  equally  striking  difference  between 
the  tough,  metallic,  insoluble  iron,  and  the  corrosive  oil  of  vitriol, 
and  the  beautiful  crystalline,  green,  soluble,  inky-tasted  salt  which 
is  produced  by  their  mutual  action. 

4.  The  next  important  peculiarity  of  this  power  which  may 
be  noticed,  is  that  it  is  exerted  between  different  kinds  of  matter 
with  different  but  definite  degrees  of  force.  Nitric  acid  will  dis- 
solve most  of  the  metals,  such,  for  instance,  as  silver,  mercury, 
copper,  and  lead ;  but  the  chemical  compounds  thus  formed  are 
held  together  with  very  different  degrees  of  energy.  With  silver, 
the  combination,  at  ordinary  temperatures,  is  less  powerful  than 
with  mercury,  less  so  with  mercury  than  with  copper,  and  with 
copper  less  again  than  with  lead. 

This  fact  may  easily  be  determined  by  dissolving  half  an 
ounce  of  nitrate  of  silver  in  half  a  pint  of  water,  and  pouring  into 
it  a  small  quantity  of  clean  mercury ;  in  a  few  days  a  beautiful 
crystallization  of  metallic  silver  will  be  obtained,  whilst  a  corre- 
sponding quantity  of  mercury  will  have  become  dissolved,  and 
will  have  combined  with  the  nitric  acid  radicle*  previously  in 
'  union  with  the  silver.  In  a  similar  manner,  mercury  may  be 
displaced  from  a  solution  of  nitrate  of  mercury  fry  a  strip  of 
metallic  copper ;  and  copper,  in  its  turn,  may  be  displaced  by  a 
piece  of  lead  introduced  into  a  solution  of  nitrate  of  copper. 
From  a  solution  of  nitrate  of  lead,  zinc  will,  in  like  manner,  dis- 
place the  lead,  which  will  be  deposited  in  beautiful  crvstals. 

Indeed,  the  different  elements  may  be  arranged  in  tables 
indicating  the  order  of  their  attraction  for  any  one  element  which 
is  placed  at  the  head  of  the  list.  For  example,  in  the  first  column 
of  the  following  table,  several  of  the  more  important  metals  are 
arranged  in  the  order  in  which  they  exhibit  a  tendency  to  com- 
bine with  oxygen, — the  metal  which  stands  at  the  head  of  the 
list  having  the  strongest  attraction,  that  which  stands  second  the 
next,  and  so  on  to  tno  one  mentioned  last,  in  which  the  attrac- 
tion is  the  weakest : — 


*  If  nitric  add  be  represented  by  the  formula  HN0„  the  radicle  of  the  acid  will 
be  NO,. 


Digitized  by  VjOOQIC  


10  1CATTEB  NOT  DKSTBOYKD  BY  CHEMICAL  ACTION. 

Order  cf  Displacement  from  Solution. 

Oxygen.  Sulphuric  Acid. 

Potassium.  Baryta. 

Zinc.  Potash. 

Tin.  Soda. 

Lead.  Lime. 

Copper.  Ammonia. 

Mercury.  Oxide  of  Zinc. 
Silver. 
Gold. 

Similar  tables  may  be  formed,  exhibiting  the  relative*  ten- 
dency of  compound  bodies,  such  as  bases,  to  displace  each  other 
from  their  salts.  In  the  second  column  of  the  table,  the  various 
bases  are  arranged  in  the  order  in  which  they  displace  each  other 
at  ordinary  temperatures  from  the  salts  which  they  form  with 
sulphuric  acid. 

5.  These  experiments  on  the  displacement  of  one  metal  by 
another,  further  show  that  although,  in  combination,  the  prop- 
erties of  the  components  are  masked,  and  to  all  ordinary  observa- 
tion, the  constituents  have  entirely  disappeared,  yet  tney  really 
exist  in  the  compound,  and  can  be  again  reproduced  in  then: 
original  form  by  taking  away  the  substance  with  which  they  had 
combined. 

It  is,  indeed,  a  principle  of  universal  application,  that  when- 
ever chemical  combination  occurs,  no  destruction  of  the  bodies 
so  entering  into  combination  ever  ensues.  However  much  the 
materials  may  change  their  form,  the  weight  of  the  new  products, 
if  collected  and  examined,  will  be  found  to 
be  exactly  equal  to  that  of  the  substances  **<>.  2. 

before  combination.  The  following  exper-  x 
iment  shows  that,  even  although  the  sub- 
stance may  vanish  from  our  sight,  it  con- 
tinues to  exist  as  a  gas,  which  has  the  same 
weight  as  the  solid  which  furnished  it : — 
Into  a  glass  flask  A  (fig.  2),  of  about  250 
cubic  inches  capacity,  and  which  is  pro- 
vided with  a  brass  cap  and  stop-cock,  in- 
troduce 10  or  12  grains  of  gun-cotton; 
attach  the  flask  to  the  air-pump,  exhaust  it 
very  completely,  and  afterwards  weigh  it. 
Then  set  fire  to  the  cotton  by  means  of  a 
voltaic  current  sent  through  the  wires,  0,  J, 
which  are  insulated  from  each  other  and 
from  the  cap  of  the  instrument,  by  passing  through  a  varnished 
cork.  The  cotton  will  entirely  disappear  with  a  brilliant  flash, 
but  the  flask,  if  weighed  again,  will  be  found  to  be  as  heavy  as  it 
was  before  the  cotton  was  fired. 

6.  There  are  two  modes  in  which  chemical  compounds  are 
formed;  the  simplest  is  that  where  the  two  substances  unite 
directly  together,  as  when  hydrogen  burns  in  air,  and,  by  direct 
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union  with  oxygen,  produces  water;  or  when  an  acid  and  an 
alkali,  such  as  hydrochloric  acid  and  ammonia,  combine  and  pro- 
duce a  salt.  This  mode  of  combination  usually  prevails  between 
bodies  which  have  a  powerful  tendency  to  unite. 

The  other  mode  in  which  compounds  are  formed  is  still  more 
common ;  it  occurs  where,  in  a  body  already  formed,  one  of  the 
ingredients  of  that  body  is  displaced  by  another  substance,  and  a 
new  compound  is  the  result,  xhe  instances  already  specified,  in 
which  one  metal  precipitates  another  from  its  solution,  are  cases 
in  which  new  bodies  are  produced  by  the  displacement  of  one  of 
the  substances  in  a  compound  previously  formed.  This  method 
of  forming  compounds  by  displacement,  or  aubsHtviion^  is  one  of 
great  importance ;  and  the  study  of.  its  various  modes  of  action  is 
rapidly  contributing  to  the  discovery  of  many  subtle  processes 
concerned  in  the  chemistry  of  organized  beings. 

7.  Chemical  combination,  in  a  large  proportion  of  cases,  does 
not  commence  spontaneously.  A  heap  of  charcoal  may  remain 
unaltered  in  the  air  for  years ;  but,  if  a  few  pieces  be  made  red  hot, 
and  then  be  thrown  upon  the  heap,  chemical  action  will  be  com- 
menced by  the  heat,  and  it  will  continue  until  the  whole  mass  is 
burned ;  that  is,  the  chemical  action  between  the  oxygen  of  the 
air  and  the  charcoal  will  continue  as  long  as  any  charcoal  remains 
unacted  on.  In  other  instances,  however,  the  chemical  effects 
begin  without  the  application  of  any  extraneous  force.  A  bit  of 
phosphorus  begins  to  be  oxidized  slowly  the  instant  it  comes  into 
the  atmosphere,  and  in  warm  weather  it  speedily- bursts  into  a 
blaze. 

8.  Whenever  substances  unite  directly  with  each  other,  heat 
is  emitted,  and  the  more  rapidly  the  union  is  effected,  the  larger 
is  the  quantity  of  heat  emitted  in  a  given  time,  until,  in  some 
cases,  it  rises  so  high  that  ignition  and  combustion  ensue ;  light 
as  well  as  heat  being  abundantly  extricated  when  the  temper- 
ature attains  a  sufficient  degree,  since  all  solid  substances,  wnen 
heated  beyond  a  certain  point,  become  luminous. 

When  compounds  are  formed  by  substitution,  the  liberation 
of  heat  is  usually  much  less,  and  is  sometimes  not  perceptible 
without  special  contrivances. 

Very  frequently  the  physical  state  of  one  or  of  both  the  bodies 
which  enter  into  combination  is  altered  by  the  operation  of  chem- 
ical attraction.  Two  solids  may  become  converted  into  a  liquid ; 
two  liquids  may  become  solid,  or  even  two  gases  may  be  reduced 
to  the  solid  form.  Differences  of  state  are  therefore  not  in  all 
cases  due  to  differences  of  temperature ;  differences  in  the  chem- 
ical arrangement  of  the  particles  are  equally  important  in  bring- 
ing about  physical  differences  of  condition. 

The  foregoing  leading  characters  by  which  chemical  attrac- 
tion is  distinguished  from  other  forces,  may  be  thus  summed  up 
in  a  few  words : — 

Chemical  attraction  is  a  power  of  extreme  energy,  which  acts 
only  on  the  minutest  particles  of  matter,  and  at  distances  too 
small  to  be  perceptible  by  our  unaided  senses.    Under  its  influ- 
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ence  the  comparatively  few  elementary  bodies  arrange  themselves 
into  the  numberless  compounds  which  constitute  the  different 
forms  of  matter  around  us.  Chemical  attraction,  from  its  very 
nature,  operates  only  between  the  particles  of  dissimilar  kinds  of 
matter,  and  by  its  exertion  produces  new  properties  in  the 
resulting  compound.  It  exists  between  different  kinds  of  matter 
with  different  but  definite  degrees  of  intensity.  As  a  result  of  its 
operations,  no  destruction  of  matter  occurs  in  the  materials  sub- 
mitted to  its  influence ;  there  is  consequently  no  loss  of  weight, 
but  mere  change  of  form.  The  act  of  combination  may  eitner 
occur  instantly  on  mixture,  or  may  be  indefinitely  postponed  till 
some  other  force,  such  as  heat,  concurs  to  commence  the  action. 
Compounds  may  be  formed  either  by  the  direct  union  of  their 
ingredients,  or  by  the  displacement  of  one  substance  by  a  differ- 
ent one  in  a  compound  previously  formed ;  and  lastly,  heat  and 
light,  in  amount  proportioned  to  the  rapidity  of  the  action,  are 
generally  emitted  in  cases  of  the  direct  union  of  the  constituents. 

(8)  Laws  of  Combination. — The  relative  proportion  in  which 
the  different  elements  unite  is  regulated  by  fixed  laws.  These 
important  laws,  which  are  three  in  number,  regulate  the  mode  of 
combination  of  every  known  chemical  compound.  They  are 
usually  termed  the  laws  of  chemical  combination. 

(9)  The  first  of  these  laws  is  the  law  of  Definite  Proportions, 
which,  although  of  great  simplicity,  is  one  of  fundamental  im- 
portance to  the  science  of  chemistry.  This  law  may  be  stated  in 
very  tew  words ;  it  is  as  follows — In  every  chemical  compound 
the  nature  and  the  proportions  of  its  constituent  elements  are 
fixed,  definite,  and  invariable.  For  instance,  100  parts  of  water 
contain  88*9  of  oxygen  and  11*1  of  hydrogen.  Whether  water 
be  derived  from  tne  snows  of  high  mountains,  or  from  rain 
clouds,  or  from  dews,  or  from  direct  chemical  action,  as  in  the 
burning  of  a  lamp  or  candle,  its  composition  is  uniform  and  cer- 
tain. §o  also  a  piece  of  flint,  or  of  rock  crystal,  in  whatever  part 
of  the  world  it  be  found,  will,  on  analysis,  yield  in  every  100 
parts,  46*6  of  silicon  and  53*4  of  oxygen ;  and  in  hydrochloric 
acid,  however  obtained,  100  parts  of  the  gas  are  found  always  to 
consist  of  97*26  of  chlorine  and  2*74  of  hydrogen.  In  fact,  the 
existence  of  the  law  of  definite  proportions  gives  value  to  anal- 
ysis, by  giving  certainty  and  uniformity  to  its  results.  Mere 
mechanical  intermixture  is  at  once  distinguished  from  true  chem- 
ical combination  by  the  absence  of  all  regularity  in  the  propor- 
tions of  the  bodies  that  have  been  mingled ;  and  in  the  same 
manner  chemical  attraction  stands  strongly  contrasted  with  that 
kind  of  adhesion  which  produces  the  solution  of  solids  in  a 
liquid. 

(10)  The  second  law  of  combination  is  usually  termed  the  law 
of  Multiple  Proportions.  It  frequently  happens  that  a  pair  of 
elementary  bodies  unite  together  in  more  than  one  proportion. 
The  compounds  so  obtained  are  very  different  from  each  other ; 
but  there  is  still  a  uniformity  in  the  plan  upon  which  these  com- 
pounds are  formed,  and  the  proportions  of  the  two  elements  in 
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each  are  very  simply  related.  The  law  of  multiple  proportion 
may  be  thus  stated : — If  two  elements,  A  and  £,  umte  together 
in  more  proportions  than  one,  on  comparing  together  quantities 
of  the  Afferent  compounds^  each  of  which  contains  the  same 
amount  of  A,  the  quantities  of  B  wuL  bear  a  very  simple  relation 
to  each  ether;  snen  as 

A+B,    A+2B,    A+3B,    A+4B,  &c.; 

or,     2A+3R     2A+5B,     2A+7B,    &c; 

or,  A+B,    A+3B,    A+5B,  &c. 

Water,  for  instance,  is  a  compound  of  oxygen  and  hydrogen ; 
in  100  parts,  by  weight,  there  are,  as  already  mentioned,  88*9  of 
oxygen  and  11*1  of  hydrogen.  But  there  is  another  compound 
of  oxygen  and  hydrogen  known  to  chemists,  termed  the  peroxide 
of  hydrogen.  ]5y  analysis  it  has  been  found  that  100  parts  of 
this  body  contain  94*1  of  oxygen  and  5a9  of  hydrogen.  Now,  on 
comparing  together  the  quantities  of  oxygen  which  in  these  two 
compounds  are  united  with  an  equal  quantity,  say  2  parts  of 
hydrogen,  it  is  evident  that  in  water,  for  2  parts  of  hydrogen 
there  are  16  of  oxygen, 

since  11-1      :      88*9      :  :      2      :      16 

and  by  a  similar  process  it  is  seen  that  in  the  peroxide  of  hydro- 
gen, lor  2  parts  of  hydrogen  32  of  oxygen  are  present— 

5-9      :      94-1      :  :      2      :      32 

the  quantity  of  oxygen  combined  with  the  hydrogen  in  the  per- 
oxide being  just  double  of  what  it  was  when  combined  with  the 
same  quantity  of  hydrogen  in  water. 

A  similar  simple  proportion  between  the  quantities  of  the 
combining  elements  is  found  to  hold  good  in  every  series  of  com- 
pounds formed  by  the  union  of  two  elements  with  each  other. 
A  certain  quantity  of  one  of  the  elements  combines  with  a  cer- 
tain quantity  of  the  other :  in  the  next  compound  with  twice  as 
much  as  in  the  first ;  in  the  next  with  three  times ;  in  the  next 
with  four  times  that  quantity,  and  so  on. 

An  excellent  example  of  this  regularity  is  afforded  by  the 
series  of  compounds  wnich  nitrogen  forms  with  oxygen ;  these 
oompoundB  are  five  in  number,  and  they  have  been  found  to  con- 
tain  in  100  parts  the  following  proportions  of  their  constituents, 
those  which  contain  least  oxygen  standing  first : — 

Oxygen.        Nitrogen. 

Nitrous  Oxide 86-86  63*64 

Nitric  Oxide 53-33  46-67 

Nitrous  Anhydride 63*15  36-85 

Peroxide  of  Nitrogen     ....  69*56  30*44 

Nitric  Anhydride 74*07  25*93 

Now  on,  comparing  with  each  other  quantities  of  these  differ- 
ent compounds  which  contain  equal  amounts  of  nitrogen,  it  will 
be  found,  taking  them  in  the  order  in  which  the  compounds  stand 
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14  EQUIVALENT  PBOPOBTIONS. 

in  the  table,  that  the  quantity  of  oxygen  increases  in  the  propor- 
tion of  1,  2,  3,  4,  and  5.  In  the  nitrons  oxide  the  quantity  of 
nitrogen  combined  with  16  parts  of  oxygen  is  28 : — since 


28 
28 
28 


the  oxygen  increasing  in  the  proportion  of  16,  twice  16,  8  times 
16,  4  times  16,  and  5  times  16. 

Sometimes  the  proportion  in  which  the  elements  unite  is 
rather  less  simple,  two  proportions  of  one  element  combining 
with  3,  5,  or  7  of  the  other. 

This  important  law,  which  was  first  clearly  established  by 
Dalton,  was  explained  by  him  by  means  of  his  Atomic  Theory. 
Upon  this  hypothesis  the  ultimate  particles  of  each  element  are 
considered  to  be  uniform  in  size  and  in  weight  for  that  element, 
and  moreover  to  be  incapable  of  farther  subdivision.  When 
bodies  unite  chemically,  as  the  particles  of  the  same  element  have 
all  the  same  size  and  relative  weight,  the  proportions  in  which 
they  combine  must  be  definite;  and  further,  if  they  unite  in 
several  different  proportions,  those  proportions  must  be  simply 
related  to  each  other.  Thus  hydrochloric  acid  may  be  conceived 
to  be  a  compound  in  which  each  separate  particle  of  hydrogen  is 
combined  with  a  separate  particle  of  chlorine :  and  if  water  be  a 
compound  in  which  each  separate  particle  of  oxygen  is  united 
with  two  particles  of  hydrojzen,  peroxide  of  hydrogen  would  be 
represented  as  consisting  of  a  combination  of  two  particles  of 
oxygen  with  each  two  particles  of  hydrogen. 

(11)  This  explanation  will  simplify  the  consideration  of  the 
third  law,  which  is  usually  known  as  the  Law  of  Equivalent  Pro- 
portions. It  may  be  stated  as  follows : — Each  elementary  sub- 
stance,  in  combining  with  other  elements,  or  in  displacing  others 
from  their  cofribmations,  does  so  in  a  fixed  proportion,  which 
may  be  represented  numericaUy. 

If  a  certain  proportion  of  an  element,  A,  unite  with  certain 
other  fixed  quantities  of  different  elements,  B,  C,  D,  &c,  to  form 
compounds  AB,  AC,  AD,  &c,  the  quantities  of  B,  C,  and  D 
which  so  unite  with  A  will  also  be  the  quantities  in  which  B  and 
0,  0  and  D,  combine  to  form  compounds  BC,  BD,  CD,  &c. 

This  principle  of  equivalent  proportion  may  be  illustrated  by 
inference  to  the  experiments  upon  the  displacement  of  the  metals 
from  solutions  of  their  nitrates  by  the  introduction  of  some  other 
metal,  the  affinity  of  which  for  the  acid  is  stronger  than  that  of 
the  metal  with  which  it  is  already  combined.  When  a  slip  of 
copper  is  introduced  into  a  solution  of  nitrate  of  silver,  the  two 
metals  change  places,  owing,  to  the  stronger  chemical  attraction 
of  the  nitric  acid  radicle  for  the  copper  than  for  the  silver ;  part 
of  the  copper  is  dissolved,  nitrate  of  copper  is  formed,  and  a  cor- 
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responding  quantity  of  silver  is  deposited.  On  making  the  exper- 
iment with  suitable  care,  it  is  found  that  for  each  31*7  grains  of 
copper  dissolved,  108  of  silver  are  separated  in  crystals.  In  a 
similar  way,  when  a  strip  of  lead  is  placed  in  a  solution  of  nitrate 
of  copper,  &  deposit  of  metallic  copper  is  separated,  and  for  each 
81 '7  grains  of  copper  thrown  down,  103*5  of  lead  will  have  been 
dissolved;  whilst,  lastly,  a  strip  of  zinc  in  a  solution  of  nitrate 
of  lead*  will  lose  32*7  grains  m  weight  for  each  103-5  grains  of 
lead  which  crystallizes  upon  its  surface. 

From  this  series  of  experiments  we  learn  that  different  but 
definite  amounts  of  the  various  metals  are  capable  of  displacing 
each  other ;  for  it  appears  that  108  parts  of  silver,  31-7  of  copper, 
103-5  of  lead,  and  32*7  of  zinc,  are  each  capable  of  exactly  sup- 
plying the  place  of  the  other,  in  combination  with  one  uniform 
amount  (62  parts)  of  nitric  acid  radicle ;  and  these  different  quan- 
tities of  the  metals  are  said  to  be  chemically  eqywwlervt  to  each 
other.*  A  chemical  equivalent  therefore  represents,  in  terms  of 
some  standard,  the  fixed  amount  of  each  element  which  is  capable 
of  supplying  the  place  of  the  corresponding  quantity  of  any  other 
element.  Now  it  is  remarkable  that  these  numbers  not  only  repre- 
sent the  quantity  of  each  element  which  is  capable  of  being  substi- 
tuted for  other  elements,  as  in  the  particular  compounds  with  nitric 
acid  just  referred  to,  but  they  represent  also  the  proportions  (or  a 
simple  sub-multiple  of  the  proportions)  in  which  these  elements 
unite  among  themselves  when  they  so  combine  with  each  other. 
But  in  many  cases  the  equivalent  quantities  of  the  elements  cannot 
be  ascertained  in  this  simple  manner  by  direct  substitution ;  in 
Buch  instances  recourse  is  had  to  indirect  processes,  such  as  the 
determination  of  the  proportion  in  which  each  element  unites  with 
a  fixed  quantity  of  some  other  element,  such  as  oxygeb. 

(12)  Tables  of  Equivalent  Numbers. — Chemists  are  in  the 
habit  of  referring  the  results  obtained  by  analysis  to  the  propor- 
tion contained  in  100  parts  of  the  body  submitted  to  experiment. 
Thus  the  analysis  of  water  furnishes,  in  100  parts,  88*9  of  oxygen 
and  11*1  of  hydrogen ;  100  parts  of  lime  contain  28*58  of  oxygen 
and  71*42  of  the  metal  calcium ;  whilst  100  parts  of  potash  con- 
sist of  17*02  of  oxygen  and  82*98  of  potassium.  These  illustra- 
tions are  sufficient  to  show  that  the  quantity  of  oxygen  is  not  the 
same  in  the  different  compounds ;  but  the  method  of  stating  the 
result  is  not  the  one  best  adapted  to  exhibit  the  numerical  rela- 
tions in  their  simplest  form.  These  relations  are  rendered  much 
more  evident  in  the  following  way.  Having  ascertained  the  pro- 
portion of  each  constituent  in  100  parts  of  the  various  compounds 
which  each  elementary  body  forms  when  it  combines  with 
oxygen,  determine  by  calculation  the  proportion  in  which  each 
element  unites  with  the  same  fixed  quantity  (say  100  parts)  of 
oxygen.    A  series  of  proportional  numbers  will  thus  be  mrnished 

*  Dalton  considered  that  these  numbers  represent  the  relative  weights  of  the  atoms 
of  the  different  metals,  which  may  be  thus  substituted  one  for  the  other,  and  hence  the 
term  atomic  weight  is  often,  though  inaccurately,  employed  as  synonymous  with  the 
equivalent  of  an  element 
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which  will  represent  the  ratios  in  which  each  of  the  elements 
combines  with  oxygen.  In  this  manner  it  will  be  seen  that  in 
water,  for  each  100  parts  of  oxygen  12*5  parts  of  hydrogen  are 
present  :— 

for  88-9  :  11-1  :  :  100  :  125 ; 

in  lime,  for  each  100  parts  of  oxygen,  250  of  calcium  are  present : — 

for  28-58  :  71-42  :  :  100  :  250; 

and  in  potash,  for  every  100  parts  of  oxygen  there  are  487*5  of 
potassium : — 

for  17-02  :  82-98  :  :  100  :  487*5 ; 

12-5  of  hydrogen,  250  of  calcium,  and  487*5  of  potassium,  are  the 
equivalent  quantities  of  each  of  these  bodies,  which  combine  with 
100  jparts  of  oxygen. 

On  the  continent,  a  few  chemists  still  follow  the  example  of 
Berzelins,  and  assume  100  parts  of  oxygen  as  the  standard  quan- 
tity, to  which,  in  all  such  calculations,  reference  is  made.  One 
of  the  objections  to  this  plan  is,  that  the  numbers  thus  obtained, 
and  to  which  reference  is  constantly  required,  are  inconveniently 
large,  and  consequently  more  difficult  to  retain  in  the  memory 
than  smaller  ones  would  be,  besides  frequently  involving  frac 
tional  quantities :  the  number  for  hydrogen  on  this  scale  is  repre- 
sented as  12-5. 

In  this  country  the  combining  number  of  hydrogen  is  made 
the  unit  of  comparison,  and  the  result  is  a  system  which  has 
many  advantages,  and  which  is  adopted  by  Liebig  and  in  Ger- 
many generally,  and  also  by  Dumas  and  others  in  France.  Hy- 
drogen combines  with  oxygen  in  a  smaller  proportion  than  any 
other  known  substance,  and  the  numbers  representing  the  equiv- 
alents of  all  other  bodies  may,  for  practical  purposes,  be  taken 
without  material  error,  as  multiples  by  whole  numbers  of  the 
equivalent  of  hydrogen.*  The  equivalent  of  hydrogen  on  this 
scale  is  1,  and  as  one  part  of  hydrogen  is  united  in  water  with 
exactly  eight  parts  of  oxygen,  the  equivalent  number  for  oxygen 
is  8 ;  and  atomic  are  more  important  than  equivalent  relations  in 
the  chemical  aspect  of  an  element  for  the  purposes  of  classifica- 
tion, and  for  explaining  the  number  and  kind  of  compounds 
which  it  forms.  The  numbers  given  in  this  table  are  not,  how- 
ever, those  which  will  be  employed  in  the  body  of  this  work 
since  there  are  good  grounds  for  taking  the  (domic  weight  of 
oxygen  as  16.  Water  would  then  be  represented  as  a  combina- 
tion of  two  atoms  of  hydrogen  and  one  atom  of  oxygen,  and  a 

,  *  Prout  indeed  advanced  the  hypothesis  that  the  combining  number  of  each  element 
was  a  multiple  by  a  whole  number  of  that  of  hydrogen,  if  the  latter  be  assumed  =  1. 
This  view,  in  the  form  propounded  by  Prout,  is  at  variance  with  the  most  exact  experi- 
ments upon  the  chemical  equivalents  of  the  elements ;  but  it  has  been  strongly  urged  by 
Dumas,  both  from  his  own  experiments,  and  from  those  of  other  accurate  observers, 
that  the  combining  numbers  are  all  multiples  by  whole  numbers  of  the  half  or  of  the 
quarter  equivalent  of  hydrogen.  The  experiments  of  Stas,  however,  seem  to  render 
doubtful  the  statement  of  Dumas. 
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large  number  of  the  atomic  weights  of  the  elements,  as  given  in 
previous  editions  of  this  work,  will  require  alteration  accordingly. 

In  the  following  table  the  elementary  substances  are  arranged 
alphabetically,  with  the  symbol  (16)  hitherto  generally  used,  by 
chemists,  affixed  to  each ;  the  combining  numbers,  as  actually 
determined  by  careful  experiment,  both  on  the  hydrogen  and 
oxygen  scale,  are  given  for  convenience  of  reference. 

The  numbers  on  the  oxygen  scale  may  readily  be  converted 
into  those  on  the  hydrogen  scale,  by  dividing  the  oxygen  num- 
bers by  12*5,  or,  what  amounts  to  the  same  thing,  by  multiplying 
the  oxygen  numbers  by  8  and  dividing  by  100.  The  numbers 
of  the  hydrogen  scale  if  multiplied  by  12*5,  give  the  correspond- 
ing values  on  the  oxygen  scale. 

The  names  of  the  elements  which  from  their  rarity  may  be 
regarded  as  unimportant  are  given  in  italics. 

Table  of  Elementary  Substances  with  their  Equivalents  or 
Combining  Proportions  and  SyrnbdlsJ* 


'£• 


Equivalent  Number. 


Compounds  with  Oxygen,  fee. 


H=l       0=100 


Antimony  (Stibium)  (a] 
Arsenicum  .... 

Barium  ......... 

Bismuth 

Baron  ••••»..... 

Bromine*. ...... 

Cadmium 

Gtldnm 


,.(*) 


Carbon 

Cerium 

Chlorine 

Chromium  .«•«.....*. 

Cobalt 

Carium 

•  (Cuprum)... 


fluorine 

Oiueinum 

Gold   (Anrum). (a] 

Hydrogen............ 

Iodine , 

Jtrtoiutn. 


Iron  (Ferrum)., 
XdMfmMttfffi.  •••*.«.  i 
Lead  (Plumbum).. 
Lithium 


G 

Au 

H 

I 

k 

Fe 

La 

Pb 

L 

Mg 


18-75 

122-0 
75-0 

68*6 

210-0 

10-9 

8(H) 
66-0 
200 

6-0 

46-0 
855 
26*27 
29.5 
188-0 
81-75 
48*0 

19«0 

4-66 
196-66 
1-0 
127*0 
98*56 
28-0 
46-0 
108-5 
7H) 
12*16 


171-87 

1525-0 
987-5 

866*25 

26250 

186-25 

1000-0 
7000 
250-0 

75-0 

575-0 
448-75 
828*88 
868*76 
1662-5 
896-87 
600-0 


287-6 

58*88 
2458-88 

12*5 

1587-5 

1282-08 

8500 

575-0 

1298-75 

87-6 

152-0 


(AltOt,  alumina;  Al,Clt,  chloride 

)     of  aluminum. 

SbO*,  antimonio  anhydride. 

AsOt,  white  arsenic 

jBaO,  baryta;   BaCl,  chloride  of 

1     barium. 

Bid,,  chloride  of  bismuth. 

j  B0f,    boracio    anhydride ;    BC1$, 

1     chloride  of  boron. 

HBr,  hydrobromic  add. 

OdO,  oxide  of  cadminm. 

CaO,  lime.  . 

'  CO,  carbonic  oxide ;  CSH«,  marah 


Ce«i 


>a,  red  oxide  of  cerium. 
NaCl,  chloride  of  sodium. 
OjO,,  green  oxide  of  chromium. 
OoCl,  chloride  of  cobalt 
HO,  CaO,  hydrate  of  onahmu 
CuO,  black  oxide  of  copper. 
DO,  oxyde  of  didymium. 

j  CaF,  flnor  spar ;  HP,  hydrofluoric 

V    acid. 

GO,  gludna. 

AuCU,  soluble  chloride  of  gold. 

HO,  water. 

KI,  iodide  of  potassium. 

Ir,0i,  sesquioxide  of  iridium. 

FetOa,  red  oxide  of  iron. 

LaO,  oxide  of  lanthanum. 

PbO,  litharge. 

LCL  chloride  of  lithium. 

Mg6,i 


•  The  numbers  to  whioh  (a)  is  prefixed  are  really  atomic  weights  and  not  equira* 
(See  w>.  22,  28.) 
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TABLE  OF  EQUIVALENT  NUMBERS. 


Table  of  Elementary  Substance*  with  their  EqmvtAerds  and 
Symbol*    (continued). 


8jJJJ"  Equivalent  Number. 


Compound*  of  Oxygen,  &* 


H=l       0=100 


Manganese 

Mercury 

(Hydnu-gyrum). 

Molybdenum 

•Nickel 

Nklbwm  (  Columbiwn).^ 

Nitrogen 

Otmium. 
0 


Phosphorus (a) 

Platinum 

Potassium  (Kalium). 

RhocUwn 

Rubidium 

Ruthenium 

Sdetwwn 


SUrer  (Argentuml.... 

Sodium  (Natrium) 

Strontium , 

Sulphur , 

Tantalum 

Tellurium , 

Terbium , 

Thallium , 

Thortnum , 

Tin  (S*annum) , 

Titanium 

Tungsten  (Wolfram).., 

Uranium. , 

Vanadium 

YHrivm 

Enc 

Zirconium .....(a) 


Mn 
Hg 

Mo 

Ni 
Nb 

N 

Os 
0 

Pd 

P 

Pt 
K 

Bo 

Bb 
Bu 

Se 


Ag 

Na 

Sr 

S 

Ta 

Te 

Tb 

Tl 

Th 

Sn 

n 
w 
v 

Y 
Y 
Zn 
Zr 


27'5 
100-0 

48*0 

29*5 
%4B'B 

14-0 

99-5 

8-0 

58*24 

81*0 

98-56 
89*0 

52*16 

85*86 

5211 

89*75 

14*0 

108*0 
28*0 
48*75 
16*0 
68*8 
64*5 

204-0 
59*5 
590 
250 
92-0 
60-0 
68*46 

82-75 
44*75 


848-75 
1250*0 

600*0 

868-75 
610*0 

175-06 

1248-75 
100*0 
665-47 

887*6 

128208 
487*5 

651-96 

1067*0 

651*89 

496*87 

175-0 

1850*0 
287*5 
646-87 
200*0 
860*0 
806*25 

2550*0 
748*86 
787*5 
812-6 

1150*0 
750-0 
855-84 

409*87 
559-66 


MnO„    black   oxide   of 


Hgtd,  calomel 

HgCl,  corrosive  sublimate. 

MoSt,     bisulphide    of    molybde- 
num. 
NiO,  protoxide  of  nickeL 
NbOt,  niobic  anhydride. 
(  HO,NO„  nitric  add;  H.N,  ammo. 

OsO^  volatile  oxide  of  osmium. 

HO,  water. 

PdO,  oxide  of  palladium. 

j  P0»,  phosphoric  anhydride;  H«P9 

1     phosphuretted  hydrogen. 

PtOlt,  bichloride  of  platinum. 

HO,KO,  hydrate  of  potash. 

j  Nad+BosGU,  double  chloride  with 

]     sodium. 

RbCl,  chloride  of  rubidium. 

(  Bu,0U,  sesquichloride  of  ruthen- 

|     ium. 

SeO»,  selenious  anhydride. 

j  SiOs,  silica  ;     SiCl,,  chloride  of 

}     silicon. 

AgCI,  chloride  of  silver. 

NaBr,  bromide  of  sodium. 

SrOf  strontia. 

HO,S08,  oil  of  vitriol 

TaOt,  tantalic  anhydride. 

KO,TeO»,  tellurate  of  potassium. 

T10,N0»,  nitrate  of  thallium. 

ThO,  thorina. 

SnO,,  tinstone. 

Ti0»,  rutile. 

WO«,  tnngstic  anhydride. 

UtO»,  uranio  oxide. 

VOj,  vanadic  anhydride. 

Yayttria, 

ZnS,  blende. 

ZrO«,  airconia.* 


(13)  Equivalents — Combining  Proportions — Atoms. — The 
chief  value  of  a  table  such  as  the  foregoing,  arises  from  the  cir- 
cumstance that,  as  already  mentioned,  it  not  only  represents  the 
quantities  of  the  different  elements  which  unite  with  8  parts  of 

•Those  elements  to  which  no  numbers  are  attached,  have  been  too  incompletely 
studied  to  enable  the  chemist  to  assign  their  combining  proportions.  A  short  summary 
of  the  principal  data  upon  which  this  table  has-been  constructed  will  be  given  after  the 
special  description  of  the  metals  has  been  completed.  They  rest  chiefly  upon  the  ex- 
periments of  Berzelius,  wno  devoted  many  years  of  his  life  with  untiring  labour  and 
wonderful  analytical  skill  to  the  determination  of  these  numbers.  In  some  instances, 
the  numbers  of  Berzelius  have  undergone  slight  corrections  by  the  researches  of  subse- 
quent chemists,  particularly  of  De  Marignao,  of  Pelouze,  of  Dumas,  and  of  Stas.  The 
papers  of  Dumas  upon  this  subject  are  oontained  in  the  Annate*  de  CAtnwa,  m.  1 5,  viil 
189,  and  lv.  129. 
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oxygen,  but  it  also  indicates  the  simplest  proportions  in  which 
they  can  unite  with  each  other.  For  example,  not  only  do  1  part 
by  weight  of  hydrogen,  16  parts  of  sulphur,  and  89  of  potassium 
•severalty  unite  with  8  parte  of  oxygen,  but  16  parts  of  sulphur 
form  a  compound  with  1  part  of  hydrogen,  and  another  com- 
pound with  39  parte  of  potassium.  Hence  16  parts  of  sulphur 
are  in  combination  equivalent  to  8  parte  of  oxygen,  and  39  of 
potassium  to  1  part  of  nydrogen.  These  numbers  are  therefore 
termed  the  chemical  equwatents  of  the  respective  substances 
which  they  represent. 

It  is  important  to  distinguish  between  the  ideas  chemical 
equivalent  and  combining  proportion,  though  the  two  terms  are 
often  inaccurately  used  as  synonymous.  Bodies  can  only  be  cor- 
rectly said  to  be  equivalent  to  each  other  when  they  can  be  sub- 
stituted for  each  other  in  combination,  to  form  compounds  more 
or  less  analogous ;  and  the  proportion  in  which  they  thus  dis- 
place each  other,  constitutes  their  equivalent  proportion  or  nu- 
merical chemical  equivalent.  Definite  quantities  of  silver,  cop- 
per, iron,  zinc,  and  potassium,  for  example,  may  be  substituted 
one  for  the  other  in  combination  with  a  riven  quantity  of  chlo- 
rine. In  like  manner,  certain  quantities  of  chlorine,  of  bromine, 
and  of  iodine,  may  be  made  to  combine  with  a  given  quantity  of 
silver ;  the  auantity  of  bromine  which  will  displace  the  iodine, 
or  that  of  cnlorine  which  will  displace  the  bromine,  being  the 
true  equivalent  quantities  of  these  elements,  when  compared  with 
each  other :  but  if  we  compare  chlorine  with  chloride  of  potas- 
sium, inasmuch  as  chloride  of  potassium  and  chlorine  cannot  be 
substituted  one  for  the  other  in  any  compound,  the  number  which 
represents  that  proportion  in  which  the  two  elements  have  united 
to  form  chloride  of  potassium,  cannot,  as  compared  with  chlorine, 
properly  be  called  its  equivalent,  but  only  its  combining  projwr- 
tion,  although  in  common  chemical  language,  the  two  expressions 
are  used  indiscriminately  one  for  the  other. 

In  the  foregoing  taole  the  numbers  given  for  several  of  the 
elementary  bodies  do  not  represent  the  proportions  in  which  they 
combine  with  8  parts  of  oxygen,  but  multiples  of  that  quantity, 
the  numbers  in  tne  table  to  which  (a)  is  prefixed  being  really  the 
atomic  weights.  The  following  are  the  numbers  which  would 
represent  the  equivalents  of  aluminum,  antimony,  arsenicum,  bis- 
muth, boron,  silicon,  tantalum,  and  zirconium:  they  coincide 
with  the  smallest  proportion  in  which  each  of  these  elementary 
bodies  combines  with  8  .parte  of  oxygen  : — 


A HftWttWlWi  a»»»*at*»» •«•••■*••*■•••« ••■ 

H=l 

=  (fAI) 

=  azr) 

m 

=18. 

=  (*M) 

9-18 

Ziiyvminm 

22*89 
84-4 

Silicon....... 

Tantalum 

Phosphonw  •••••••••••".?. ...».»»tt» 

10-8 
40-6 
25-0 
?0H> 
8-6 

Antimony 

Bismuth.. 

Boron • 

Digitized  by  VjOOQIC 


20  ATOMIC  CLASSIFICATION  OF  ELEMENTS. 

With  the  exception  of  the  elements  enumerated  in  the  pre- 
ceding list,  the  numbers  given  in  the  table  at  pace  17,  indicate 
correctly  the  equivalents  of  the  various  elementary  bodies.  Until 
recently,  the  terms  equivalent  number  and  atomic  weight  of  an  • 
element  were  often  used  by  chemical  writers  as  synonymous  and 
convertible.  It  has,  however,  been  strongly  insisted  upon  by 
later  authors,  and  particularly  by  Laurent,  in  his  Chemical 
Method  (Cavendish  Society's  translation,  p.  16),  that  there  is 
really  an  essential  difference  between  them.  In  fact,  the  fore- 
going table,  though  it  gives  correctly  (with  the  exceptions  above 
enumerated)  the  equivalents  of  the  elements,  does  not  represent 
with  equal  accuracy  their  relative  atomic  weights.  The  equiv- 
alent or  combining  proportion  is  an  experimental  constant  wnich 
is  independent  of  theoretical  considerations;  but  the  relative 
atomic  weight  is  necessarily  a  matter  of  inference,  and  may  be  a 
number  often  a  multiple  of  the  equivalent,  and  selected  by  the 
chemist  from  theoretical  considerations,*  which  being  based 
partly  upon  the  law  of  gaseous  volumes  (15),  partly  on  chemical 
grounds,  partly  on  the  phenomena  of  specific  heat,  seem  to 
require  that  the  atomic  weights  of  a  large  number  of  the  ele- 
ments, if  compared  with  the  atomic  weight  of  hydrogen,  should 
be  double  of  those  cited  in  the  table,  as  indeed  was  originally 
proposed  by  Berzelius.  The  most  recent  investigations,  m  fact, 
seem  to  show  that  the  elementary  bodies  may  be  arranged  in 
four  groups,  as  follows — viz. : — 

1.  Monad  or  Uhiequwalent  Elements,  one  atom  of  which  in 
combination  is  usually  equivalent  to  H,  or  one  atom  of  hydrogen. 
In  these  the  atomic  and  equivalent  numbers  are  identical.  These 
are  twelve  in  number. 

2.  Dyad  or  Bieqtwvalent  Elements,  each  atom  of  which,  in 
combining  with  other  bodies,  is  generally  equivalent  to  H„  or 
two  atoms  of  hydrogen.  In  these  the  atomic  number  is  double 
the  equivalent  number.     This  group  includes  no  fewer  than  25. 

3.  Triad  or  Tereqiwvalent  Elements,  each  atom  of  which,  in 
entering  into  combination  with  other  bodies,  is  generally  equiv- 
alent to  H,,  or  three  atoms  of  hydrogen.  These  are  nine  in 
number.  In  this  group  the  number  given  in  the  table  of  equiv- 
alents (p.  17)  is  really  the  atomic  number,  with  the  exception  of 
aluminum  and  rhodium,  in  which  case  the  usual  number  is 
doubled ;  the  strong  terequivalent  character  of  the  members  of 
this  group  having  induced  chemists  in  general  to  adopt  the 
atomic  instead  of  the  true  equivalent  number. 

4.  Tetrad  or  Quadreqwvalerti  Elements,  each  of  which  in 
combining  represents  H4,  or  four  atoms  of  hydrogen.  Of  these 
there  are  eight.  Their  atomic  number  is  double  of  that  com- 
monly adopted  for  the  equivalent. 

This  subject  will  be  resumed  more  advantageously  by  the 
student  at  a  later  period.f 

Occasionally  it  will  be  found  convenient  to  indicate  the  class 
of  elements  by  affixing  dashes  to  the  symbols.    Thus  Ca"  would 

•These  will  be  developed  in  the  coarse  of  the  work. 

f  See  the  Introductory  chapter  to  the  third  volume  of  this  work. 
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indicate  the  biequivalent  power  of  the  proportion  of  calcium 
represented  by  the  symbols ;  P'"  would  indicate  the  terequivalent 
power  of  phosphorus,  and  so  on.  In  accordance  with  these 
views,  the  following  table  gives  the  numbers  which  represent 
the  atomic  weights  of  each  of  these  different  classes  of  elements. 
In  each  case  where  the  numbers  about  to  be  given  for  the  atomic 
weights  of  any  of  the  elements  differ  from  those  employed  to 
represent  their  equivalents,  the  symbols  which  represent  these 
new  or  doubled  numbers  are  indicated  by  italics.  This  practice 
will  also  be  followed  whenever,  in  the  body  of  this  work,  I  may 
have  occasion  to  employ  atomic  instead  of  equivalent  symbols. 

1.  Monads — Unequvoalent  Elements,  or  Elements  usually  equwh 
alent  to  1  atom  of  Hydrogen,. 


■_* 

Sym- 
bol. 

Atomio 
Weight 

Compound. 

Bromine 

Chlorine. 

Oossium 

Fluorine. 

Hydrogen  ...*. 
Iodine  -m 

Br 

a 

Of 
F 

H 
I 
L 
E 
Bb 

M 

Na 
fi 

80 

85*5 
18S 

19 

1 

127 

7 

89 

86 
108 

28 
204 

HBj,  hydrobromie  add. 

NaCl,  chloride  of  sodium. 

QftBr,  bromide  of  coMdum ;  OtH  Ot  hydrate  of  oossium. 

HF,  hydrofluoric  add:  CbFs,  floor  spar. 

HOI,  hydrochloric  add;  Ht0,  water. 

KI,  iomde  of  potassium. 

LCI,  chloride  of  lithium. 

KF,  fluoride  of  potassium;  KH0,  hydrate  of  potash. 

BbCl,  chloride  of  rubidium. 

AgCI,  chloride  of  sflrer. 

NaBr,  bromide  or  sodium. 

TU,  insoluble  iodide  of  thaDium;  T1N0.,  nitrate  of  thallium. 

Lithium... 

Potassium 

Rubidium...... 

Sodium..  •• 

Thallium  ...... 

2.  Dyads — Biequivalent  Elements,  or  Elements  usually 
alent  to  2  atoms  of  Hydrogen. 


SUment 

Sym- 
boL 

Atomic 
Weight 

Compound. 

Barium 

Cadmium  *..... 

Oaldum 

Cerium- rt--- tt- 

Ba 
Cd 
Ca 
Ce 

Or 

Co 

Ou 

D 

G 

F* 

La 

Fh 

Mg 

Mn 

* 

0 
Pd 

Be 

Br 

B 

T* 

Th 

U 

Zn 

187-9 

112-0 

40-0 

92-0 

52*6 

69*0 
68*5 
96-0 
9-8 
56-0 
920 
207*0 
24-8 

55-0 

200-0 

59-0 

16-0 

106-5 

79-5 

87*5 

820 

1290 

119-0 

120-0 

55-5 

ifoCli,  chloride  of  barium ;  2k0,  baryta. 

Cd  0,  oxide  of  cadmium ;  CWC1,,  cadmic  chloride. 

CaO.  lime ;  CaCl,,  chloride  of  calcium. 

Ct%0%y  red  oxide  of  cerium ;  CfeCU,  cerous  chloride. 

Chromium 

Cobalt 

1  Cr*Oh  green  oxide  of  chromium ;    OClt,  ohromous 

(     chloride. 

Coda,  chloride  of  cobalt 

GuO,  black  oxide  of  copper ;  CbCla,  cupric  chloride. 

2)0,  oxide  of  didymium. 

GO,  glucma. 

<ft>0a,  red  oxide  of  iron ;  JftCli,  ferrous  chloride. 

LaO,  oxide  of  lanthanum. 

FhOx  litharge ;  PbCl*  chloride  of  lead. 

Jfr0,  magnosia;  MaCiu  chloride  of  magnesium. 

j  MnOty  black  oxide  of  manganese ;  JTiiCU,  chloride  of 

1     manganese. 

fed,  calomel ;  JfyCU,  corroshre  sublimate. 

NtO,  oxide  of  nickd;  JKC1S,  chloride  of  nickel. 

H«0,  water. 

iW0,  oxide  of  palladium ;  PaXR*  palladous  chloride. 

8e0%i  sdenious  anhydride. 

BrO,  strontia;  8rdu  chloride  of  strontium. 

H,fl04,  oil  of  Titriol ;  Ht$  sulphuretted  hydrogen. 

KtTeO<,  tellurate  of  potassium, 

ThO,  thorina. 

U%Oh  uranic oxide;  17CU,  uranous  chloride. 

ZnB,  blende;  Z»C1.,  chloride  of  sine. 

Copper.. 

Didymium ..... 
Gmcinum  ...... 

Iron. 

Lanthanum  ... 
Lead 

Magnesium.... 

Manganese.... 

Mercury 

fiicKei  ..••«•••• 
Oxygen  ........ 

Palladium 

Sdenhim 

Strontium ..... 

Sujphar 

Tellurium 

Thorinum 

Uranium 

Zhe.  -TT„„„ 
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8.  Triads — Terequwalent  Element*,  or  Element*  usually  equiv- 
alent to  3  atoms  qf  Hydrogen.* 


XKenMnt 

Sym- 
doL 

Atomlo 
Weight 

Compound. 

JL IntniTMiTn  ,.,, 

Antimony ..... 
Arsenicum..... 

Bismuth 

Boron 

Al 

Sb 

As 

Bi 

B 

Au 

N 

P 

Bo 

27*5 
122 

W 
210 

10-9 
196*6 

14 

81 
104-8 

Al*Ott  alumina. 

&btS*  common  sulphide  of  antimony. 

AssOs,  white  arsenie ;  AsCl»,  chloride  of  arsenic. 

BiCU,  chloride  of  bismuth. 

BCU.  chloride  of  boron ;  B,  0t,  Doracic  anhydride. 

AuCli,  soluble  chloride  of  gold. 

HN0,,  nitric  acid ;  H.N,  ammonia. 

( H»P,  phosphuretted  hydrogen;  Y%Oh  phosphoric  an- 

|     hydride. 

NaQ+2toCls,  double  chloride  of  rhodium  and  sodium. 

Gold 

Nitrogen 

Phosphorus... 
Khodium.  •  ■  •  >  • . 

4.  Tetrads — Quadrequivalent  Elements,   or  Elements 
equivalent  to  4  atoms  of  Hydrogen. 


f 

Element 

Sym* 
boL 

Atomlo 
Weight 

Compound. 

Carbon 

Niobium 

Platinum. 

Silicon.... 

C 

m 
pt 

Si 
Ta 
Sn 
Ti 
Zr 

12 

97-5 
197-0 

28 

188-0 
118-0 

600 

89-5 

CO*  carbonic  anhydride;  CH«,  marsh  gas. 
NbO*,  niobic  anhydride:  NbCU,  niobio  chloride. 
iWU,  soluble  chloride  of  platinum. 
ifliOt,  silica;  ASGU,  chloride  of  slhcon. 
TWO,,  tantalic  anhydride;  JTaCl*,  tantsJIc  chloride. 
SnO*  tinstone;  SnCU,  liquid  chloride  of  tin. 
2%Ott  rutile;  TiCU,  liquid  chloride  of  titanium. 
ZrO%f  zJrconia ;  Zr€l4,  chloride  of  zirconium. 

Tantalum 

Tin 

Titanium. 

Zirconium ..... 

The  subject  of  equivalents  will  be  referred  to  again  when 
considering  the  different  varieties  of  salts. 

{14)  Applications  qf  the  Lorn  qf  Equivalents. — Compound 
bodies  unite  with  other  compounds,  just  as  fcimple  bodies  unite 
with  other  simple  ones,  and  the  combining  numbers  of  such  com- 
pounds are  usually  represented  by  the  sum  of  the  combining 
numbers  of  all  the  elements  which  enter  into  their  composition : 
the  combining  number  of  the  compound  can  never  be  lees  than 
that  sum,  but  sometimes  it  is  a  multiple  of  that  number.  For 
example,  the  combining  numbers  of  the  following  compounds  are 
thus  obtained : — 

*  There  Is  some  difficulty  in  deciding  whether  the  following  metals  should  be  re- 
garded as  dyads  or  as  triads,  as  they  form  compounds  with  2  and  with  8  atoms  of  chlo- 
rine ;  but  whether  dyad  or  triad,  the  atomic  weight  will  be  the  same  as  that  gben  m 
the  list  which  follows : — 


Sym- 
boL 


Atomlo 
Weight 


Compound. 


Iridium 

Molybdenum 

Osmium 

Ruthenium... 

Tungsten 

Vanadium .... 


It 

Mo 

<h 

Bu 

W 

V 


197-0 
96-0 
199-0 
104-2 
184-0 
187-0 


/r»0i,  sesquiozide  of  iridium. 
MoS*,  bisulphide  of  molybdenum. 
0*04,  volatile  oxide  of  osmium. 
JfeOs,  ruthenic  anhydride. 
WOty  tungstic  anhydride. 
VO%y  vanadic  anhydride. 
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Hydrochloric  acid  (1  At  H  =  1+1  At  CI  =  85*5)  HC1  =  86*5 

Ammonia (8  At  H  =  8+1  At  N    =  14)H,N  =  17*0 

Common    salt  ) 

(chloride  of  V  (1  AtNa  =28+1  At  CL  =  85-5)  NaCl  =  68*5 

•odium) ) 

Water (2  At  H  =  2+1  At  O    =  16)H|0  =  18-0 

Potask (2  AtK  =78+1  At  O    =  16)K,0  =  94-0 

Hydrate  of  potash  (1  At  K  =89+1  At  H    =  1+1  At  0=16)  KH0      =  66-0 

Ho^om£..  }  <X  At  =*  asl*+1  At  HC1=  W6)=H.N,  HC1  =  58-5 

The  law  of  equivalents  holds  good  not  only  between  the  eom- 

Eounds  formed  by  the  union  of  simple  substances  with  each  other, 
ut  also  between  the  bodies  formed  by  the  combination  of  com- 
pound substances  with  other  compounds.  Indeed,  the  reactions 
between  compounds  often  exhibit  very  striking  exemplifications 
both  of  the  generality  of  this  law  and  of  the  manner  in  which  it 
may  be  turned  to  useful  account.  The  following  example  of  the 
reaction  between  common  salt  or  chloride  of  sodium,  and  nitrate 
of  silver,  will  afford  an  illustration  of  this  kind. 

Chloride  of  sodium  is  a  compound  consisting  of  23  parts  of 
sodium  and  35*5  of  chlorine ;  its  combining  number  ib  therefore 
58*5.  In  like  manner,  nitrate  of  silver  consists  of  108  parts  of 
silver,  and  62  of  nitrogen  and  oxygen,  or  nitric  acid  radicle,* 
together  forming  170,  which  we  should  expect  to  represent  its 
combining  number.  This  salt,  when  dissolved  in  water,  is  with- 
out action  upon  either  red  or  blue  litmus  paper.  Common  salt 
is  likewise  perfectly  neutral  in  its  reactions  upon  coloured  tests. 

If  now  we  mix  together  a  solution  of  58*5  parts  of  chloride  of 
sodium  with  a  solution  of  170  parts  of  nitrate  of  silver,  a  very 
instructive  result  is  obtained :  the  sodium  and  the  silver  change 
places;  the  nitrogen  and  oxygen,  or  nitric  acid  radicle,  unite 
with  the  sodium  to  form  nitrate  of  sodium ;  and  the  chlorine 
unites  with  the  silver  to  fonn  chloride  of  silver.  This  chloride  is 
insoluble,  and  is  therefore  precipitated  in  white  flocculi.  Bat  the 
remarkable  point  is,  that  there  is  neither  more  nor  less  of  the 
nitric  acid  radicle  than  is  required  by  the  sodium,  neither  more 
nor  less  chlorine  than  will  combine  with  the  silver :  35*5  of  chlo- 
rine are  chemically  equivalent  to  62  of  the  nitric  acid  radicle,  and 
may  be  substituted  for  it  in  combination ;  and  108  of  silver  are 
as  truly  equivalent  to  23  of  sodium. 

This  interchange,  or  double  decomposition  as  it  is  often  termed, 
is  illustrated  by  the  diagram  that  follows : — 

Before  Decomposition.  Alter  Decomposition. 

nam  (Chloride    (   85-5  Chlorine _   1AQ.K    (  Chloride  of 

***\  of  sodium  \   28-0  Sodium  7  /  X      Silver. 


lT(WM   #«        ]  «•<>  Oxygen   ^^^ Z:=^^    ««.ft    (Nitrate  of 
lGtBAret  Wo  Silver^  85°    j     Sodium. 

328-5  228*5  228*5 

The  solutions  after  mixture  are  still  without  action  upon 
either  blue  or  red  litmus  paper. 

*  In  eqmralente  NO,,  in  atoms  N0* 
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If  instead  of  using  exactly  the  equivalent  quantities  of  the 
two  salts,  an  excess  of  either  had  been  employed, — suppose  that 
200  instead  of  170  parts  of  nitrate  of  silver  had  been  used, — this 
excess  of  30  parts  would  not  have  influenced  the  result,  but 
would  have  remained  unchanged  in  the  solution.  One  great 
advantage,  therefore,  that  is  derived  from  the  employment  of  a 
table  of  equivalents,  is  economy  in  the  use  of  the  materials  em- 
ployed in  the  formation  of  compounds,  since  by  its  means  it  is 
possible  to  calculate  the  exact  proportions  of  the  chemical  agents 
which  would  be  required  in  order  to  obtain  the  full  effect  of  their 
mutual  reaction. 

The  law  of  equivalent  proportions  also  forms  the  basis  upon 
which  most  of  the  calculations  in  chemical  analysis  are  founded : 
— Suppose  it  were  desired  to  ascertain  the  proportion  of  silver 
present  in  the  solution  of  nitrate  of  silver.  By  collecting  on  a 
filter  the  precipitate  produced  on  adding  chloride  of  sodium  in 
slight  excess  to  a  given  bulk  of  the  liquid,  then  washing,  drying, 
and  weighing  the  powder  with  suitable  precautions,  the  quantity 
of  silver  could  be  at  once  calculated ;  for  it  is  a  necessary  conse- 
quence of  the  law  of  equivalent  combination  that  every  143*5 
grains  of  chloride  of  silver  contains  108  grains  of  silver.  From 
this  result  the  proportion  of  nitrate  of  silver  in  the  solution  could 
also  be  deduced  with  equal  ease,  inasmuch  as  108  grains  of  silver 
for  conversion  into  nitrate  would  require  62  grains  of  the  nitric 
acid  radicle,  and  would  therefore  represent  lfo  grains  of  nitrate 
of  silver ;  or  143*5  grains  of  chloride  of  silver  would  indicate  the 
presence  of  170  grains  of  nitrate  of  silver  in  the  liquid  under 
examination. 

(15)  Law  of  Volumes. — When  bodies  are  capable  of  assuming 
the  form  of  gas  or  vapour,  a  very  simple  relation  has  been  ob- 
served between  the  volumes  or  bulks,  of  any  two  gases  which 
combine  together.  It  has  been  found,  for  example,  that  the 
gases  unite  together  either  in  the  proportion  of  equal  bulks,  or 
else  that  two  measures  or  volumes  of  the  gas  which  may  be  dis- 
tinguished as  A,  combined  with  one  measure  of -a  second  jjas 
which  may  be  called  B,  or  that  three  measures  of  A  unite  with 
one  measure  of  B,  or  sometimes  that  three  measures  of  A  unite 
with  two  of  B.  Some  simple  proportion  of  this  kind  is  always 
observed  between  the  volumes  of  two  gases  which  enter  into 
combination.  The  cause  of  this  uniformity  depends  upon  the 
fact,  that  if  quantities  of  each  element  be  compared  in  the  ratio 
of  their  atomio  weights,  when  converted  into  vapour  (under  sim- 
ilar circumstances  as  regards  temperature  and  pressure)  they  will 
all  yield  the  same  volume  of  vapour,  or  a  simple  multiple  of  it. 

jFor  example*  taking  a  number  of  grains  of  each  element 
which  corresponds  with  its  atomic  weight : — 

Cubic  Indies. 

J  grain  of  hydrogen,  at  60°  P.  and  30  inches  Bar. =46-66 

14  grains  of  nitrogen =46*66 

16  grains  of  oxygen =46*66 

85*5  grains  of  chlorine =46*66 

and  so  on. 
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In  other  words,  nitrogen  is  14  times  as  heavy  as  hydrogen, 
oxygen  16  times  as  heavy,  and  chlorine  35*5  times  as  heavy  as 
hydrogen. 

Combination  by  volume,  therefore,  is  to  be  carefully  distin- 
guished from  combination  by  weight. 

After  the  union  of  th$  gases  with  each  other,  the  bulk  of  the 
compound,  though  it  is  often  less  than  the  joint  bulk  of  the  two 
separate  gases,  yet  bears  a  simple  relation  to  it.  It  may  happen 
that  the  two  gases  combine  without  undergoing  any  change  o£ 
volume ;  or  three  volumes  of  the  gases  may  become  condensed 
into  the  space  of  two ;  or  three  volumes  may  occupy  the  bulk  of 
one  volume ;  or,  again,  two  volumes  may  be  condensed  into  the 
space  of  one  volume. 

The  mode  of  combination  of  hydrogen  with  chlorine  and  with 
oxygen  may  be  taken  as  an  illustration  of  some  of  these  points. 
Hydrogen  gas  unites  with  gaseous  chlorine  in  the  proportion  of 
one  volume  of  each  to  form  hydrochloric  acid,  or  one  part  by 
weight  of  hydrogen  to  35#5  parts  by  weight  of  chlorine,  tne  two 
gases  after  their  combination  still  occupying  two  volumes,  or  the 
same  bulk  which  they  did  when  separate,  though  their  united 
weight  is  of  course  36*5.  But  when  hydrogen  gas  combines  with 
oxygen  gas  in  the  formation  of  water,  union  takes  place  in  the 
proportion  of  two  volumes  of  hydrogen  to  one  volume  of  oxygen. 
This,  therefore,  corresponds  by  weight  to  2  parts  of  hydrogen  and 
16  of  oxygen.  Supposing  that  the  two  gases  before  their  union 
were  heated  to  a  temperature  above  the  boiling  point  of  water, 
Bay  260°,  and  the  product  of  the  combination  after  union  has 
occurred  were  still  maintained  at  the  same  high  temperature,  the 
steam  produced,  instead  of  occupying  the  space  of  three  volumes, 
becomes  condensed  into  that  of  two ;  but  the  weight  of  the  steam 
formed  is  equal  to  that  of  the  united  weights  of  the  oxygen  and 
hydrogen  wlrich  have  entered  into  its  composition. 

Compound  gases  and  vapours,  in  combining,  follow  the  same 
regularity  and  simplicity  in  the  proportion  by  volume  in  which 
they  unite,  as  is  observed  to  prevail  among  elementary  bodies ; 
and  lie  compounds  resulting  from  such  union,  when  gaseous,  or 
convertible  into  vapour,  exhibit  the  same  equally  simple  ratio  in 
bulk  to  that  of  their  components.* 

*  In  order  to  pve  precision  to  our  language,  it  wul  be  convenient  here  to  draw  a 
distinction  between  two  magnitudes  of  the  component  particles  of  ail  elementary  bodies 
— -vis. :  L  The  Atom,  or  smallest  and  chemically-indivisible  particle  of  each  element 
which  caw  exist  in  a  compound,  united  with  other  particles  either  of  the  same  or  of  dif- 
ferent dements,  but  which  is  not  known  in  a  separate  form ;  and  2.  The  MolecuU,  or 
the  smallest  quantity  of  any  elementary  substance  which  is  capable  of  existing  in  a 
teparaU  form.  H,  for  instance,  represents  the  atom  of  hydrogen,  whilst  HH,  or  Ha,  in- 
dicates its  molecule.  Each  molecule  of  a  monad  appears  always  to  consist  of  two  atoms. 
Aarnimmg  that  the  molecule  of  any  element  in  vapour  always  occupies  two  volumes 
(H==l),  the  molecules  of  oxygen,  sulphur,  selenium,  and  tellurium,  each  contain  2  atoms ; 
but  the  metallic  dyads,  mercury  and  cadmium,  yield  a  vapour  the  molecule  of  which 
contains  only  a  single  atom  of  the  element ;  could  the  experiment  be  made  with  the 
other  metallic  dyads— zinc,  copper,  Ac. — it  is  probable  that  the  molecule  of  this  class 
of  elements  would  in  each  case  be  found  to  contain  but  a  singlo  atom. 

The  molecule  of  the  triad  nitrogen  contains  two  atoms  j  but  that  of  phosphorus  and 
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It  is,  in  fact,  a  general  rule,  that  the  molecules  of  compound 
bodies,  when  in  the  aeriform  state,  occupy  equal  volumes ;  this 
volume  is  exactly  double  the  volume  of  the  atom  of  hydrogen. 
To  this  rule,  indeed,  there  are  some  apparent  exceptions ;  but  the 
number  of  these  is  gradually  diminishing,  under  the  explanations 
afforded  from  time  to  time  by  the  progress  of  science. 

The  complicated  bodies  of  organic  chemistry  when  they  admit 
of  being  vaporized,  obey  this  law  of  vapour  volume  as  strictly  as 
*the  simplest  combinations  of  inorganic  nature.  A  molecule  of 
hydrochloric  acid  (HCft,  for  instance,  yields  the  same  volume  of 
vapour  as  a  molecule  or  alcohol  (CJ±tO\  or  as  a  molecule  of  the 
still  more  complex  body  aniline  (</cIITN).  Consequently,  if  the 
weight  of  a  given  bulk  of  hydrogen  be  taken  as  the  unit  of  com- 
parison, the  vapour  densities  of  compound  bodies  are  represented 
Dy  half  their  atomic  or  molecular  weight ;  for  example : — 

Equal       Molecular  Belatife 

vols.  weight  density. 

Hydrogen  (free)    •    .  (HH)  2  =1 

Hydrochloric  acid .    •  (HOI)  36*5  =      18-25 

Alcohol (CJIfl)  46  =28 

Aniline (CRK)  93  =      *** 

(16)  Symbolic  Notation. — Before  proceeding  further,  it  will 
be  advantageous  to  describe  the  principles  of  notation,  as  applied 
in  the  construction  of  chemical  formul®.  This  notation  consti- 
tutes a  kind  of  short-hand,  which  materially  facilitates  the  repre- 
f  sentation  of  chemical  changes,  since  it  greatly  abridges  the  labour 
'  of  description,  and  with  a  little  practice,  enables  the  student  to 
trace  at  a  glance  reactions  even  of  a  complicated  character.  Its 
employment  has,  in  fact,  become  indispensable  both  to  the  teacher 
and  to  the  pupil. 

Every  elementary  substance  is  represented  by  a  Bymbol,  con- 
sisting of  the  first  letter  of  its  Latin  name ;  in  cases  where  more 
than  one  element  has  the  same  initial,  a  second  distinguishing 
letter  is  added.  These  symbols,  when  used  singly,  always  repre- 
sent one  atom  of  the  body  which  they  indicate.  The  symbol  O, 
therefore  stands  for  one  atom  of  oxygen ;  H,  for  one  atom  of 
hydrogen ;  Cy  for  one  atom  of  carbon,  and  so  on. 

A  compound  body  is  represented  by  writing  the  symbols  of 
its  constituent  atoms  side  by  side ;  thus  HC1  indicates  one  mole- 
cule of  hydrochloric  acid,  UaO  one  molecule  of  lime,  the  quanti- 
ties included  in  each  formula  always  indicating  1  molecule  of  the 
compound. 

If  it  be  necessary  to  express  that  more  than  one  atom  of  a 
body  enters  into  the  formation  of  a  molecule,  the  object  is 

of  arsenic  contains  4  atoms.    Analogy  would  lead  to  the  belief  that  the  molecule  of  an* 
timony  and  of  bismuth  would  also  contain  4  atoms. 

The  application  of  the  terms  atom  and  molecule  may  be  extended  to  compound  sub* 
stances,  a  compound  atom  being  the  smallest  quantity  of  any  compound  substance  which 
Is  capable  of  existing  in  combination  with  other  particles  of  matter ;  and  the  moUeuU 
of  a  compound  is,  as  before,  the  smallest  quantity  of  that  substance  which  can  exist  in 
an  isolated  or  separate  condition ;  thus,  if  C«H»  represent  the  compound  atom  of  ethyl 
(the  radicle  of  ether),  (C,H^  ftH^  or  (<7«H$)9,  would  indicate  its  molecule. 
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attained  by  writing  a  small  figure  to  the  right  of  the  letter  below 
the  line : — Ht  would  indicate  a  molecule  of  hydrogen ;  H,0„  a 
molecule  of  peroxide  of  hydrogen,  composed  of  2  atoms  of  hydro- 
gen and  2  of  oxygen ;  Gu9i  one  molecule  of  carbonic  anhydride, 
composed  of  1  atom  of  carbon  and  2  oxygen. 

Secondary  compounds,  such  as  salts,  are  expressed  in  an  anal- 
ogous way,  the  metal  being  usually  placed  first,  CaCOjrepre- 
Bentinff  one  molecule  of  carbonate  of  calcium.  When  a  comma 
is  used  to  separate  two  compounds,  a  more  intimate  union  is 
supposed  than  when  the  sign  +  is  used.  Thus,  in  the  for- 
mula for  crystallized  sulphate  of  magnesium  and  potassium 
(MgSO*  T£J30i+GR%0\  the  compound  MgSOA  is  supposed  to  be 
more  intimately  united  with  K,ot>4  than  the  6H,0,  which  may 
be  readily  expelled  by  heat  Where  it  is  necessary  to  indicate 
more  than  one  molecule  of  a  compound,  the  whole  formula  of 
that  compound  is  preceded  by  the  indicating  number.  Thus  if 
H  be  1  atom  of  hydrogen,  *H,  its  molecule,  8H,  will  indicate  3 
molecules  of  hydrogen.  If  brackets  be'  used,  the  figure  prefixed 
multiplies  nothing  beyond  the  symbols  included  within  the  brack- 
ets, as  for  example  3(Jfa&04+7H,0),  3  atoms  of  crystallized  sul- 
phate of  magnesium.  Frequently  the  employment  of  brackets  is 
neglected,  and  then  the  figure  prefixed  multiplies  all  the  symbols 
included  between  it  and  the  next  comma,  or  sign  of  addition. 

A  very  little  practice  will  make  these  various  modifications 
familiar  to  the  mind.  To  expedite  the  acquisition  of  this  knowl- 
edge, the  student  will  find  it  advantageous  to  exercise  himself  in 
the  expression  of  chemical  changes  by  symbols,  whenever  the 
opportunity  occurs,  until  he  is  thoroughly  acquainted  with  their 
signification  and  use.  The  reaction  between  nitrate  of  silver  and 
chloride  of  sodium  (14),  might  be  expressed  bv  symbols  in  a  sin- 
gle line,  which,  if  tne  combining  numbers  or  the  elements  con- 
cerned were  fixed  in  the  memory,  would  convey  all  the  informa- 
tion of  a  tninute  description,  thus — 

Chloride  of  Nitrate  of  Chloride  of  Nitrate  of 

Sodium.  Saver.  Silver.  Sodium. 

NaCl         +        AgN0,      yield       AgCl       +      NaN0, 


CHAPTEE  II. 

WEIGHTS  AND  MEASURES — SPECIFIC  GRAVTTT. 

(17)  Weights  and  Measures. — The  foundation  of  all  accuracy 
m  experimental  science  consists  in  the  possibility  of  determining 
with  exactness  the  quantity  and  the  bulk  of  those  substances 
which  are  submitted  to  examination.  In  the  force  of  gravity  we 
possess  an  unvarying  standard  of  comparison.    A  pound  weight, 
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for  example,  at  the  same  spot  of  the  earth's  surface,  is  invariably 
attracted  towards  the  earth  with  the  same  force,  so  that  its  weight 
is  uniformly  the  same  at  that  spot 

The  force  of  gravity  diminishes  slowly  from  the  pole  to  the 
equator.  A  mass  of  matter  which  would  compress  a  spring  with 
a  force  equal  to  that  of  194  lb.  at  the  equator,  would  act  upon  it 
with  a  force  of  195  lb.  at  the  poles.  Tnis  difference  would  not, 
of  course,  be  perceived  in  the  ordinary  mode  of  weighing  by  the 
balance,  as  both  the  weights  and  the  body  weighed  would  be 
similarly  and  equally  affected. 

The  common  process  of  weighing  consists  in  estimating  the 
force  with  which  any  given  mass  is  attracted  towards  the  earth, 
by  comparison  with  other  known  quantities  of  matter,  arbitrarily- 
selected  for  the  purpose;  consequently,  the  weight  of  a  body  is 
the  expression  in  terms  of  the  standara  so  selected,  of  the  exact 
amount  of  force  which  is  required  to  prevent  the  body  under  ex- 
amination from  falling  to  the  ground. 

The  standard  of  weight  used  in  this  country  is  the  avoirdupois 
pound,  which  is  subdivided  into  7000  grains. 

The  system  of  weights  is  connected  with  the  measures  of  capa- 

ain  use  in  this  country,  through  the  medium  of  the  Imperial 
on ;  which  is  defined  by  an  Act  of  Parliament  of  the  year 
i  to  be  a  measure  containing  10  lb.  avoirdupois  of  distilled 
water,  weighed  in  air  at  a  temperature  of  62°  F.,  the  barometer 
standing  at  30  inches.  The  gallon  of  distilled  water,  therefore, 
contains  70,000  grains. 

These  measures  of  capacity  are  related  to  those  of  length  by 
the  determination  that  a  gallon  contains  277*276  cubic  inches.  A 
cubic  inch  of  distilled  water  weighs,  in  air  at  62°,  with  the  baro- 
meter at  80  ,inches,  252*456  grains ;  m  vacuo  (24)  it  weighs 
252*722  grains.  The  standard  of  length  is  the  yard  measure,  and 
is  subdivided  into  36  inches.* 

(18)  French  System  of  Weights  and  Measures. — The  French 
system  of  weights  and  measures  is  connected  together  in  a  man- 
ner far  more  philosophical  than  the  foregoing ;  and,  as  it  is  the 
one  generally  adopted  by  scientific  men  abroad,  and  is  gradually 
being  introduced  into  the  writings  of  men  of  science  in  this  coun- 
try, it  is  essential  that  the  principles  upon  which  it  is  based  should 
be  understood. 

The  standard  of  reference  is  a  measurement  of  one  of  the  great 
circles  encompassing  the  earth  itself.  The  ten-millionth  part  of  a 
quadrant  of  the  meridian  constitutes  the  unit  of  the  system.  This 
quadrantal  arc  was  fixed  at  6213  miles  and  1450  yards  English 
measure ;  consequently  the  ten-millionth  part  of  this,  the  metre, 
is  equivalent  to  39*37079  English  inches,  nearly  3J  inches  more 
than  our  standard  yard,  or  a  fraction  of  an  inch  longer  than  the 

*  In  order  farther  to  connect  the  measures  of  length  with  those  of  weight,  Captain 
Kater  determined  the  length  of  a  second's  pendulum,  the  oscillations  of  which  are  pro- 
duced by  the  action  of  the  foroe  of  gravity.  The  length  of  a  pendulum,  which  beats 
seconds  at  the  level  of  the  sea  t»  vacuo,  and  in  the  latitude  of  Greenwich,  he  found  to 
be  89*18929  inches. 
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seconds  pendulum.  This  metre  is  subdivided  into  tenths,  called 
decimetres;  hundredths,  or  centimetre*;  and  thousandths,  or  mil- 
limetres. A  millimetre  amounts  very  nearly  to  ^Tth  of  an  Eng- 
lish inch,  and  a  centimetre  to  nearly  fths  of  an  inch.  A  hUome- 
tre9  or  thousand  metres,  nearly  {  of  m  English  mile,  Fio.  8. 
is  employed  in  many  parts  of  France  as  the  ordinary  jiutre-TJh& 
road  measure.  Fig.  8  represents  a  decimetre  subdi-  <u—  * 
Tided  into  centimetres,  one  of  which  is  subdivided 
into  millimetres,  compared  with  English  inches.  The 
measures  of  capacity  are  connected  with  those  of 
length  by  making  the  unit  of  capacity  in  this  series 
a  cube  of  a  decimetre,  or  3*937  English  inches  in  the 
side ;  this,  which  is  termed  a  litre,  is  equal  to  1*765 
Imperial  pints,  or  rather  more  than  If  English  pints. 
The  litre  is  again  subdivided  into  tenths,  or  dedr% 
UtreSy  and  hundredths,  or  centilitres;  and  finally, 
the  system  of  weights  is  connected  with  both  the 
preceding,  by  taking  as  its  unit  the  weight  of  a  cubic 
centimetre  of  distilled  water,  at  the  temperature  of 
39°*2  P. ;  it  weighs  15432  English  grains.  The  aM4^ 
gramme,  as  this  quantity  is  called,  is  further  sub- 
divided into  tenths,  or  decigrammes;  hundredths, 
or  centigrammes;  and  thousandths,  or  milligrammes; 
and  its  higher  multiple,  1000  grammes,  forms  the 
kilogramme.  The  kilogramme  is  the  commercial 
unit  of  weight,  and  is  something  less  than  2J  lb. 
avoirdupois,  being  15482*3  English  grains.  The 
litre,  as  it  consists  of  1000  cubic  centimetres  of  wa- 
ter, at  39°*2,  contains  exactly  a  kilogramme  of  water, 
and  is  equivalent,  at  39°#2,  to  61*024  cubic  inches 
English. 

(19)  The  Balance. — The  familiar  operation  of 
weighing  is  for  the  most  part  effected  by  means  of 
the  balance. 

This  instrument  consists  essentially  of  an  inflexible  bar,  deli- 
cately suspended  at  a  point  exactly  midway  between  its  extremi- 
ties, from  which  depend  the  scale-pans;    in  one  of  these  the 
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weights,  in  the  other  the  objects  to  be  weighed,  are  placed. 
When  the  balance  is  in  equitibrio,  the  arms  of  the  beam  assume 
a  direction  perfectly  horizontal  The  main  points  requiring  at- 
tention are — 1st,  Equality  in  the  lengths  of  the  arms  of  the  beam : 
2d,  suspension  of  the  lever  just  above  its  centre  of  gravity ;  and 
3d,  care  that  the  friction  at  the  points  of  susjjension  both  of  the 
beam  and  of  the  scale-pans  be  reduced  to  a  minimum.  The  points 
of  support  in  delicate  balances  are  usually  made  of  fine  edges  of 
hardened  steel,  which  bear  against  flat  polished  plates  of  agate. 
Provided  that  the  suspensions  be  sufficiently  delicate,  it  is  easy, 
by  the  process  of  double  weighing,  to  obtain  exact  weighings  by 
means  of  a  balance  the  arms  of  which  are  not  equal.  For  this 
purpose,  the  material  to  be  weighed  is  accurately  balanced  with 
shot,  sand,  or  any  other  convenient  substance ;  it  is  then  removed 
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from  the  pan.  and  weights  substituted,  until  the  Band  or  shot  re* 
maining  in  tne  other  pan  is  again  accurately  counterpoised :  the 
number  of  weights  needed  will  show  the  weight  of  the  substance 
under  experiment.  In  all  delicate  experiments  the  balance  must 
be  screened  from  currents  of  air,  and  the  bodies  weighed  must 
have  sensibly  the  same  temperature  as  that  of  the  surrounding 
atmosphere,  otherwise  currents  of  air,  ascending  or  descending 
within  the  case,  will  be  produced,  and  they  will  impair  the  accu- 
racy of  the  observation,  A  good  balance  will  indicate  a  difference 
of  weight  equal  to  about  T  W,ttt  of  what  it  will  carry  in  each  pan* 


(20)  If  equal  bulks  of  matter  of  different  kinds  be  compared 
together,  they  will  be  found  to  differ  very  greatly  in  weight 

fij  Grains. 

100  cubic  inches  of  hydrogen  will  weigh  2*14 . 

"  "  of  air  "  3100 

"  "  of  water  "  3-604    25246-00 

"  "  of  iron  "  28-110 

"  "  of  platinum       "  75-680 

Platinum,  the  heaviest  body  with  which  we  are  acquainted, 
is  upwards  or  200,000  times  as  heavy,  bulk  for  bulk,  as  hydrogen, 
which  is  the  lightest  material  known. 

The  comparison  of  the  weights  of  equal  bulks  of  different 
bodies,  when  referred  to  a  uniform  standard,  constitutes  their 
qwnfic  gramty,  or  relative  weight,  i.e.,  the  weight  which  is  spe- 
cific or  peculiar  to  each  kind  of  matter.  The  specific  gravity  of 
a  body  forms  one  of  its  most  important  and  distinguishing  physi- 
cal characters.  The  mineral  iron  pyrites,  for  instance,  is  in  colour 
almost  exactly  like  gold :  but  it  is  at  once  distinguished  from  the 
precious  metal  by  the  difference  in  specific  gravity,  an  equal  bulk 
of  gold  being  nearhr  four  times  as  heavy.  The  numbers  used  to 
represent  the  specific  gravity  of  solids  or  liquids  are  obtained  by 
comparing  a  known  weight  of  the  body  under  experiment,  witn 
the  weight  of  an  equal  bulk  of  distilled  water,  which  has  been 
selected  as  the  standard  of  reference.  In  this  country  the  exper- 
iment is  made  at  a  temperature  of  60°  F.  For  gases  and  vapours, 
atmospheric  air  at  60°,  while  the  barometer  stands  at  80  inches, 
is  employed  as  the  standard.*  For  the  purpose  of  calculating  the 
specific  gravity  of  any  substance,  solid  or  liquid,  it  is  therefore 
simply  necessary  to  ascertain,  first,  the  weight  of  the  body  in 
question,  then  that  of  an  equal  bulk  of  water.  When  this  is  done, 
we  obtain  by  simple  proportion  the  specific  gravity  of  the  body 

•Unfortunately  the  standard  temperature  and  pressure  adopted  in  Franoe  differs 
from  that  employed  in  England.  In  France,  82°  F.  is  the  standard  temperature ;  and 
960  millimetres,  or  29*922  inches  is  the  height  of  the  barometer  which  Is  assumed  aa 
the  standard  pressure.  The  unit  of  density,  however,  is  the  volume  of  an  equal  bulk  of 
water,  not  at  82%  but  at  89° -2,  the  point  of  maximum  density  of  this  liquid.    (148) 

These  relations  are  much  more  complex  than  those  adopted  in  England ;  though  in 
the  case  of  liquids  and  gases  there  is  an  advantage  in  the  facility  of  securing  a  unfibnn 
temperature  of  82°  at  all  times,  by  the  use  of  melting  ice. 
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under  examination,  that  of  water  being  assumed  as  1.  If,  as  is 
the  case  with  a  large  number  of  solids,  they  are  heavier  than 
water,  the  specific  gravity  merely  tells  how  many  times  heavier 
they  are  than  their  own  bulk  of  that  liquid : — 

Weight  of)  (  Specific  gravity )  (Weight  of)  ( 
equal  bulk  l  :  i  of  water.  [  ::  1  bodvin  I  i  ) 
of  water.   )      (         1-000         )      (       air       )      ( 

(21)  Specific  Gravity  of  IAqwuk icmd  Gases. — The  determina- 
tion of  the  weights  of  eaual  bulks  of  any  liquid  and  of  water  is 
easily  made  in  the  following  manner : — Take  a  light  bottle  fur- 
nished with  a  stopper,  and  weigh  it  when  empty ;  nil  it  with  wa- 
ter, and  weigh  it  again ;  the  difference,  of  course,  will  be  the 
weight  of  the  water  which  it  contains.  Empty  the  bottle,  rinse 
it  out  with  a  little  of  the  liquid  for  trial,  then  fill  it  with  the 
liquid,  and  weigh.  On  deducting  the  weight  of  the  bottle,  we 
obtain  the  weight  of  a  bulk  of  liquid  exactly  equal  to  that  of  the 
water.  In  practice  it  is  usual  to  employ  a  bottle  that  holds  ex- 
actly 1000  grains  of  distilled  water  at  60°,  because  when  such  a 
bottle  is  filled  with  the  liquid  under  trial,  the  weight  in  grains  of 
the  liquid  represents  the  specific  gravity  at  once,  without  calcu- 
lation. For  convenience,  a  counterpoise  of  brass  is  adjusted  to 
the  weight  of  the  empty  bottle.  Suppose  the  counterpoised  bot-. 
tie,  which  when  filled  with  water  weighs  1000  grains  in  addition 
to  the  counterpoise,  to  be  filled  with  pure  alcohol ;  it  will  now 
weigh  only  792  grains,  and  the  specific  gravity  of  the  alcohol  will 
be  0-792 ;  for  1000 : 1-000 : :  792 : 0-792.  The  same  bottle  filled 
with  oil  of  vitriol  would  weigh  1845  grains.  Its  specific  gravity 
would  therefore  be  represented  as  1-845. 

For  accurate  purposes,  a  flask  of  the  annexed  fm.4. 
form  (fig.  4)  is  preferable  to  all  others ;  a  mark  at  0, 
in  the  contracted  portion  of  the  neck,  indicates  the 
level  occupied  by  1000  grains  of  water  at  60°.  The 
flask  filled  with  the  liquid  under  trial,  a  little  above 
this  mark,  is  then  placed  for  an  hour  in  water,  which 
must  be  maintained  at  60°.  At  the  end  of  that  time 
the  superfluous  liquid  in  the  flask  is  drawn  off  by 
means  of  a  pipette  till  it  stands  exactly  at  the  level 
of  the  mark ;  the  stopper  is  inserted,  and  the  weight, 
after  careful  drying  of  the  outside,  is  taken.  Bottles 
which  contain  only  100  or  200  grains  up  to  the  grad- 
uation on  the  neck  may  be  employed  instead  of  the 
larger  one  when  the  quantity  oi  liquid  is  small. 

The  determination  of  the  specific  gravity  of  gases  is  the  same 
in  principle ;  a. flask  or  globe  is  weighed  when  empty,  again  when 
filled  with  air,  and  a  third  time,  when  the  gas  under  trial  has  been 
substituted  for  atmospheric  air.  Gases,  however,  are  liable  to 
considerable  changes  of  bulk  from  slight  variations  of  external 
circumstances;  hence,  in  taking  their  specific  gravity,  certain 
precautions  are  necessary,  which  will  be  fully  described  farther 
on  (146). 
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(22)  Specific  Gravity  of 
Sends. — With  solids,  a  dif- 
ferent, but  not  less  simple 
method  is  adopted,  though 
resting  on  .a  prmciple  by  no 
means  so  obvious.  This  prin- 
ciple was  one  of  the  great  dis- 
coveries of  Archimedes;  it 
may  be  thus  explained  : — 


WFm     When  a  body  is  plunged  be- 
\  neath  the  surface  of  a  liquid 

qT 


I  it  obviously  displaces  a  bulk 
T  of  such  liquid  equal  to  itself, 
v  and  consequently  it  is  pressed 
jiT  upon  or  supported  in  the 
\  liquid,  with  a  force, exactly 
equal  to  that  with  which  the 
particles  of  the  liquid  were 
supported,  when  they  previously  occupied  its  place ;  the  solid  will 
therefore  appear  to  have  lost  weight  exactly  equivalent  to  that  of 
the  bulk  of  liquid  which  it  occupies.  The  operation  required  for 
ascertaining  the  specific  gravity  consists,  therefore,  in  weighing 
the  solid  in  air,  then  having,  as  in  fig.  5,  suspended  it  by  a  horse- 
hair from  the  scale-pan,placing  it  m  distilled  water  at  60°,  and 
again  weighing ;  the  difference  of  the  two  weights  will  be  that  of 
its  own  bulk  of  water. 

A  piece  of  lead  for  instance,  weighs  in  air  .    .     .    820  grains. 
"  "  "         in  water  .    .    749  grains. 

Loss :  being  the  weight  of  an  equal  bulk  of  water,     71  grains. 

The  specific  gravity  of  the  lead  is  obtained  from  these  data  by 
the  application  of  proportion,  in  the  following  manner : — 

71 : 1-000  : :  820  :  x  (=  li-54),  sp.  gr.  of  lead. 

The  rule  for  obtaining  the  specific  gravityof  a  solid  may  there- 
fore be  expressed  in  the  following  terms :  "Divide  thfc  weight  of 
the  body  in  air  by  the  loss  which  it  experiences  when  weighed  in 
water ;  the  quotient  is  the  required  specific  gravity.  The  exper- 
imental propf  of  the  correctness  of  the  principle,  viz.,  that  the 
solid  loses  weight  equal  to  that  of  the  water  which  it  displaces,,  is 
easily  given.  Take  a  solid  metallic  cylinder  which  accurately 
fits,  and  completely  fills,  the  cavity  of  a  cylindrical  cup ;  counter- 
poise the  two  when  suspended  in  air  from  one  extremity  of  the 
balance  beam.  Then  withdraw  the  metallic  plug,  and  suspend  it 
by  a  hair  to  a  hook  at  the  bottom  of  the  cup,  which  must  still  re- 
main attached  to  the  balance,  and  place  the  plug  so  suspended  in 
distilled  water ;  the  counterpoise  will  now  be  much  too  heavy ; 
fill  the  cylindrical  cup  with  water— (add,  that  is,  the  weight  of  a 
bulk  of  water  equal  to  the  bulk  of  the  plug)  and  the  equipoise 
will  be  restored. 
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Occasionally  it  happens  that  a  knowledge  of  the  specific  grav- 
ity of  a  body  in  the  form  of  a  powder  is  required ;  in  such  a  case 
the  method  of  taking  the  specific  gravity  requires  to  be  slightly 
modified.  Suppose  that  it  be  desired  to  find  the  specific  gravity 
of  a  species  of  land ;  we  may  proceed  as  follows  : — Take  a  bottle 
which  contains,  when  full,  a  known  weight  of  distilled  water, 
1000  grains,  for  example ;  weigh  into  it,  when  empty,  a  quantity, 
e.gr.,  150  grains,  of  sand.  Supposing  that  the  sand  had  not  dis- 
placed any  water,  the  bottle  when  filled  up  with  that  liquid  would 
now  weigh  1150  grains ;  but  on  actually  weighing  the  bottle  after 
it  has  been  filled  up,  it  is  found  that  the  water  and  sand  together 
weigh  only  1096  grains;  the  sand  therefore  has  displaced  54 
grains  of  water.  We  have  thus  the  data  for  calculating  the  spe- 
cific gravity  of  the  sand,  as  follows : — 

54 : 1-000 : :  150 :  x  (=2-764),  the  specific  gravity  of  the  sand. 

If  the  substance  be  soluble  in  water,  it  must  be  weighed  in  air 
as  usual ;  then  in  spirit  of  wine,  in  oil  of  turpentine,  or  in  some 
liquid  which  does  not  dissolve  it,  and  the  specific  gravity  of  which 
is  mown.  If  the  body  be  so  light  as  to  float  in  Water,  it  must  be 
first  weighed  in  air,  and  then  attached  to  a  solid,  the  weight  of 
which  in  water  has  been  ascertained,  and  which  is  sufficiently 
heavy  to  keep  the  lighter  body,  when  fastened  to  it,  beneath  the. 
surface ;  the  weight  in  water  of  the  two  united  bodies  is  then  de- 
termined, and  the  result  thus  obtained  is  deducted  from  the  weight 
of  the  heavier  solid  in  water ;  if  to  this  remainder  the  weight  of 
the  light  body  in  air  be  added,  we  are  furnished  with  the  weight 
of  a  bulk  of  water  equal  to  that  of  the  lighter  solid,  and  have  the 
data  for  calculating  the  specific  gravity  by  proportion,  in  the  usual 
manner. 

(23)  The  Hydrometer.— Another  method  of  taking  Fig.  «• 

the  specific  gravity  of  liquids  consists  in  the  use  of 
the  instrument  called  the  hydrometer  or  areometer.* 
The  hydrometer  (fig.  6)  consists  of  a  graduated  stem, 
which  is  made  to  float  vertically  in  the  liquid,  by 
means  of  a  hollow  ball  of  glass  or  brass  counterpoised 
by  a  duly  adjusted  weight  attached  to  the  lower  end 
of  the  instrument.  A  portion  of  the  stem  of  the  in- 
strument must  always  float  above  tlje  surface  of  the 
liquid  the  specific  gravity  of  which  is  to  be  deter- 
mined.  It  is  obvious,  that  when  placed  in  any  liquid  i 
contained  in  a  vessel  of  sufficient  depth,  it  will  sink  %-^ 
until  it  has  displaced  a  bulk  of  liquid  equal  to  its  own  weight : 
in  a  dense  liquid  it  will  sink  to  a  smaller  depth,  in  a  lighter  liquid 
it  will  sink  to  a  greater  extent ;  an  additional  portion  of  the  stem 
being  in  the  latter  case  immersed,  until  it  has  displaced  a  suffi- 
cient additional  quantitv  of  the  liquid  to  compensate  for  the 
diminished  density  of  tne  liquid  under  trial.    The  instrument 

*  The  term  hydrometer  means  water  or  liquid  measurer,  from  0fop,  water,  and 
aJrpov,  a  measure;  areometer  Is  derived  from  fyaibs,  rare,  and  perpov.    Tables  of 
Baumg's  and  TwaddelTs  hydrometers  wOl  be  found  in  the  Appendix,  voL  iii. 
8 
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may  either  be  supplied  with  a  scale  graduated  upon  the  stem  by 
trial  in  liquids  of  known  specific  gravity,  bo  as  to  give  the  result 
by  mere  inspection,  or  an  arbitrary  scale  of  equal  parts  may  be 
used,  and  the  values  indicated  may  be  ascertained  by  reference 
to  tables  constructed  for  the  purpose.  In  practice,  it  is  found 
convenient  to  employ  two  instruments,  one  of  which  is  graduated 
for  liquids  lighter  than  water,  the  other  for  those  which  are 
heavier;  the  need  of  an  inconvenient  length  of  stem  is  thus 
obviated. 

The  hydrometer  is,  with  suitable  precautions,  capable  of 
affording  very  accurate  results.  A  particular  form  of  the  instru- 
ment, known  as  Siketfs  hydrometer,  is  employed  by  the  Excise 
for  determining  the  strength  of  spirituous  liquors.  The  ordinary 
glass  instruments,  however,  only  furnish  approximations  to  the 
truth,  which  are  quickly  obtained,  and  for  the  common  purposes 
of  the  art  are  sufficiently  exact. 

(24)  Correction  for  Weighings  taken  in  Air. — The  apparent 
weight  of  every  substance  in  the  atmosphere  (that  is,  the  force 
with  which  it  appears  to  be  drawn  to  the  earth),  is  always  a  little 
less  than  its  actual  weight,  because  the  air  presses  upon  and  sup- 
ports the  body  with  the  same  force  with  which  it  would  support 
a  portion  of  the  air  of  the  same  bulk  as  the  body  itself.  The 
weight  of  this  displaced  portion  of  air  may  be  easily  ascertained, 
if  the  specific  gravity  of  the  body  be  known ;  for  from  the  ob- 
served weight  of  the  body,  yre  can  calculate  directly  the  weight 
of  an  equafbulk  of  water,  and  T}T  of  this  weight  will  give  the 
weight  of  a  corresponding  bulk  of  air  at  mean  temperature  and 
pressure.  This  weight  must  be  added  to  that  actually  found;  at 
the  same  time  a  similar  and  opposite  correction  will  be  Required 
for  the  metallic  weights  used  m  the  experiment,  because  they  will 
also  appear  to  be  lighter  than  they  really  are ;  and  an  amount  of 
weight  greater  than  the  true  one  yri\\  be  required  to  effect  the 
counterpoise.  If,  therefore,  the  weights  have  the  same  specific 
gravity  as  the  body  counterpoised,  the  two  corrections  will  neu- 
tralize each  other ;  but  if,  as  in  weighing  gases,  there  is  a  great 
difference  between  them,  the  correction  will  be  one  of  importance. 
The  true  weight  sought  will  be  thus  obtained : — Add  to  the  weight 
of  the  body  in  air  the  weight  of  the  bulk  of  air  which  it  has  dis- 
placed, and  deduct  from  this  the  weight  of  the  bulk  of  air  dis- 
placed by  the  weights  employed. 

The  correctness  of  the  foregoing  observations  admits  of  an  -easy 
experimental  illustration.  If  a  light  body,  such  as  a  piece  of  cork, 
be  suspended  in  air  from  one  end  of  a  scale  beam,  and  be  coun- 
terpoised at  the  other  end  by  a  metallic  weight,  then  on  placing 
the  apparatus  under  the  receiver  of  the  air-pump,  and  exhausting 
the  air,  the  cork  will  gradually  acquire  the  preponderance ;  but 
on  again  admitting  the  air,  the  equilibrium  will  be  restored. 
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CHAPTER  IH 

OK  SCftCE  VABIETTES  OF  MOLECULAR  FOBOE. 

I.  £Za8ticity.—TL  Cohesion.— HL  Adhesion. — IV.  Crystallization. 

(25}  Besides  the  attractive  power  of  gravity,  which  operates 
through  distances  so  vast  that  the  mind  is  lost  in  the  attempt  to 
estimate  and  explore  them,  other  forms  of  attraction  exist ;  but 
they  are  exerted  only  through  distances  so  minute,  as  to  be  in- 
appreciable to  onr  unaided  senses ;  and  yet,  upon  the  exertion  of 
these  forces,  the  form,  and  even  the  chemical  properties  of  bodies 
depend. 

The  first  of  these  forces  is  known  as  cohesion;  it  acts  between 
the  particles  of  matter  which  are  similar  in  kind.  The  intensity 
of  tnis  forte  determines  whether  the  body  be  solid,  liquid,  or 


The  second  of  these  forces  is  that  of  adhesion;  it  is  exerted 
between  dissimilar  kinds  of  matter,  and  unites  them,  as  in  the  case 
of  the  intervention  of  cements,  into  one  consistent  whole. 

The  third,  and  to  the  chemist  the  most  important  of  these 
forces,  is  that  known  as  chemical  attraction,  which  causes  the 
union  of  dissimilar  particles  of  matter  of  invisible  minuteness,  re- 
arranges these  particles  in  new  forms,  and  produces  a  compound 
body  endowed  with  new  properties. 

Keacting  against  all  these  molecular  attractions,  is  the  repul- 
sive power  of  neat,  which  may  be  raised  high  enough  to  overcome 
them  all,  and  which  in  a  modified  form,  when  balanced  against 
these  attractive  forces,  produces  that  equipoise  in  distance  be- 
tween the  constituent  particles  of  material  objects  in  general, 
which  is  designated  as  elasticity. 

Forces  which  thus  act  at  these  minute  distances  only,  are 
termed  molecular  forces,  in  contradistinction  to  those  which  like 
gravity,  act  upon  the  mass,  and  operate  through  great  distances. 

§  1.  Elasticity — mechanical  pbopebties  of  gases. 

(26)  By  elasticity  we  understand  the  resistance  that  a  body 
offers  to  compression  or  to  extension,  and  the  power  which  it  pos- 
sesses of  regaining  its  form  or  bulk  when  the  pressure  or  tension 
is  withdrawn. 

The  law  which  regulates  elasticity,  in  perfectly  elastic  bodies, 
may  be  expressed  by  the  statement  that  the  resistance  is  directly 
proportioned  to  the  compressing  force.  Thus  a  bow,  or  a  spring 
Dent  to  a  certain  extent  with  a  force  of  101b.,  will  be  bent  to  dou- 
ble that  extent  with  a  force  of  20  lb. 

All  solids  have  limits  to  their  elasticity,  and  there  are  very 
few  which  are  perfectly  elastic,  even  within  those  limits ;  that  is 
to  say,  there  are  few  solids  which  perfectly  recover  their  form 
after  having  been  stretched  or  compressed ;  if  compressed  beyond 
a  certain  point,  they  either  "  set,''  and  alter  their  shape,  as  is  the 
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case  with  lead ;  or  they  break,  as  is  the  case  with  glass.  x  The 
elasticity  of  glass  and  steel  is,  within  the  bounds  of  their  cohesion, 
almost  perfect :  that  of  caoutchouc,  on  the  contrary,  is  imperfect ; 
for,  by  frequent  stretching,  it  becomes  permanently  elongated. 

Liquids  possess  a  small,  but  very  perfect  elasticity,  which 
varies  m  amount  in  different  liquids ;  the  densest  liquids,  in  gen- 
eral, being  those  which  least  aamit  of  compression.  Hie  follow- 
ing table  exhibits  some  experimental  results  obtained  on  this 
subject  by  Colladon  and  Sturm  (Ann.  de  Chimie*  TL  xxxvi.  113, 
225). 

Comjfressibility  of  Liquids. 


I4qnld  mad. 

Temp.  °  F. 

Mean  compression 
in  millionth* 

for  each  additional 
atmosphere. 

Range  of 
preararein 
atmospheres. 

Variation* 

in  oom- 

preesiblllty. 

Mercury ••• 

82° 

44 
it 
44 
44 

•52° 

44 
44 

608 
82*0 
613 
76*0 
78-0 
84*0 
98*5 
1450 

Ito80 
1  "  16 
1  "  24 
1  «  16 
1  "26 
1  «  12 
1  "  24 
1  "  24 

regular 

it 

44 

19  to  11 

regular 
86*9  to  82*2 
96*2  "  89    ' 
160  "  141 

Sulphuric  Acid. 

Water 

Acetic  Ether 

OH  of  Turpentine.... 
Hydrochloric  Ether.. 
Alcohol  -t..f.,„,t-if;i 

Ether 

One  million  parts  of  mercury,  for  example,  were  found,  by 
each  additional  pressure  of  15  pounds  upon  the  square  inch,  to 
diminish  in  bulk  5'03  parts.  One  million  parts  of  water  suffered 
a  compression  ten  times  as  great,  being  reduced  more  than  51 
parts;  the  pressure  of  the  atmosphere  being  estimated  on  an 
average  at  15  pounds  upon  every  square  inch  of  the  earth's 
surface. 

Regnault  has  more  recently  determined  the  compressibility 
both  oi  water  and  of  mercury  with  very  great  care.#  He  considers 
the  results  of  Colladon  and  Sturm  to  be  a  little  too  high ;  and 
estimates  the  diminution  in  the  volume  of  mercury  for  each  atmo- 
sphere at  3*5  million ths  of  its  bulk ;  whilst  he  found  that  of  water 
to  be  equal  to  47  millionths  of  its  bulk. 

The  compressibility  of  liquids  is  greater  at  low  than  at  high 
temperatures.    It  decreases  as  the  compressing  force  is  increased. 

(27)  Boyle's  or  MwrriottJs  Law  of  Elasticity  in  Gases. — It 
is.  however,  in  gases  that  the  most  extensive  and  perfect  display 
or  elasticity  is  to  be  seen ;  their  great  elasticity  constitutes  indeed 
their  most  important  physical  peculiarity.  It  inay  be  stated  with- 
out sensible  error,  that  within  the  limits  of  ordinary  experiment, 
"  the  volume  of  an  aeriform  body  is  inversely  as  the  pressure  to 
which  it  is  exposed ; "  consequently  by  doubling  the  pressure  we 
halve  the  volume,  by  trebling  it  we  reduce  it  to  one  third ;  "  but 
the  elasticity  is  increased  directly  as  thepressure ; "  by  doubling 
the  pressure  we  double  the  elasticity.  These  facts  are  strikingly 
exhibited  in  the  following  experiment  devised  by  Boyle,  and  more 
accurately  performed  by  Marriotte ;  and  the  law  has  hence  been 
termed  Boyle's  or  Marriotte's  law : — 
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Take  a  bent  tube  (fig.  7)  of  uniform  bore,  one  limb  of  which  is 
about  12  inches  long,  and  furnished  with  a  stop-cock ;  the  other 
limb  being  6  feet  in  length  and  open  at  the  top.  Pour  Fio.  1 
a  little  mercury  into  the  bend  of  the  tube,  and  close 
the  stop-cock.  The  air  in  the  short  limb  is  now  of  the 
same  elasticity  as  that  of  the  atmosphere  at  the  spot; 
and  the  air  at  the  surface  of  the  earth,  as  will  present- 
ly be  more  ftilly  explained,  is  under  the  pressure  due 
to  the  weight  of  its  own  superincumbent  mass ;  the 
amount  of  this  pressure  is  ascertained  by  observing 
the  height  of  the  mercurial  column  in  the  barometer 
at  the  time.  Next  pour  mercury  into  the  open  limb 
of  the  bent  tube ;  the  air  in  the  shorter  limb  will 
slowly  diminish  in  bulk:  when  the  mercury  in  the 
longer  limb  stands  above  the  level  of  that  in  the  short- 
er, at  a  height  exactly  equal  to  the  height  of  the  ba- 
rometer at  the  time,  say  30  inches,  the  compressed  air 
will  occupy  a  length  of  the  shorter  tube,  exactly^  ec[iial 
to  one  half  of  that  which  it  did  at  the  beginning  of 
the  experiment ;  the  air  is  subject  to  a  pressure  exact- 
ly double.  On  adding  more  mercury,  till  the  length 
of  the  column  in  the  long  tube,  above  the  level  of  that 
in  the  shorter,  is  equal  to  twice  the  height  of  the  ba- 
rometric column,  the  pressure  will  be  increased  three- 
fold, and  the  air  will  now  occupy  only  one-third  of  its 
original  bulk.* 

(28)  Mutual  Repulsion  of  the  Particles  of  Gases. 
— G-ases  and  vapours,  or  elastic  fluids,  as  they  are 
frequently  termeii,  differ  from  liquids  in  the  entire 
absence  of  cohesion  among  their  particles.  A  vessel 
may  be  filled  either  partially  or  completely  with  a 
liquid,  and  this  liquid  will  have  a  definite  level  sur- 
face or  limit.  With  gases  it  is  otherwise ;  they  always 
perfectly  fill  the  vessel  that  contains  them,  nowever 
irregular  its  form.  Instead  of  cohesion  there  is  a  mu- 
tual repulsion  among  their  particles.  These  particles 
have  a  continued  tendency  to  recede  further  from  each 
other,  and  they  therefore  exert  a  pressure  in  an  out- 
ward direction  upon  the  sides  of  the  vessel  which  con- 
tains them.  This  outward  pressure  is  greater  or  less 
according  as  the  elasticity  of  the  gas  is  increased  or 
diminished.  Indeed,  the  bulk  of  a  gas  depends  en- 
tirely upon  the  pressure  which  is  exerted  upon  it. 
These  facts  admit  of  experimental  proof  in  the  follow- 
ing way : — 

Procure  a  stout  cylindrical  glass  tube  open  at  one ! 

*  The  researches  of  Despretz,  and  the  more  recent  and  elaborate  experiments  of 
Regnault  hare,  however,  shown  that  this  law  is  not  rigidly  accurate.  For  atmospheric 
air,  for  hydrogen,  oxygen,  and  nitrogen,  and  generally  for  gases  which  have  either  never 
been  liquefied,  or  only  liquefied  under  enormous  pressures,  the  law  is  very  nearly  cor- 
rect, even  under  a  pressure  of  several  atmospheres ;  but  for  gases  which  may  be  lique- 
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extremity,  and  capable  of  being  closed  at  the  other  by  a  stop- 
cock ;  fit  it  with  a  solid  plunger  that  slides  air-tight  up  and  down 
Fig.  8.  within  it ;  open  the  stop-cock,  place  the  plunger  half  way 
i  down,  and  fill  the  vessel  with  some  coloured  gas,  such  as 
chlorine,  for  example,  as  shown  in  fig.  8 :  now  close  the 
stop-cock  and  draw  the  piston  upwards,  the  gas  will  be 
seen  to  dilate,  and  the  green  vapour  will  still  entirely  fill 
the  tube;  but  a  considerable  resistance  to  the  upward 
•  motion  of  the  piston  is  experienced,  the  dilated  gjas  has 
its  elasticity  reduced  below  that  of  the  external  air,  and 
on  releasing  the  handle,  the  piston  is  forced  back  to  the 
middle  of  tne  tube;  the  elasticity  of  the  gas  within,  and 
that  of  the  air  without,  are  now  equal.  Now  attempt  to 
thrust  the  piston  to  the  bottom  of  the  tube ;  great  resist- 
ance will  be  experienced,  but  the  gas  will  yield  to  the 
pressure  and  will  be  condensed  into  a  smaller  space,  while 
its  elasticity  will  be  proportionately  increased;  but  the 
instant  that  the  pressure  is  discontinued,  the  piston  will 
rise  up  again,  and  occupy  its  first  position  midway  between 
the  two  ends  of  the  cylinder. 

(29)  Air-Pvmp. — Advantage  is  taken  of  this  elasticity 
and  expansibility  of  gases  in  the  construction  of  the  air-pump,  an 
instrument  designed  for  the  removal  of  air  from  closed  vessels. 
The  principle  of  its  construction  may  be  explained  in  the  follow- 
ing manner : — 

Suppose  that  a  metallic  cylinder,  accurately  bored,  be  fitted 
with  a  piston  similar  to  that  shown  in  fig.  8,  but  provided  in  ad- 
dition with  a  small  opening,  covered  bv  a  flap  or  valve  of  oiled 
silk,  which  opens  upwards  or  outwards  (fig.  9) ;  on  forcing  the 
piston  downwards  the  compressed  air  will  escape  through  the 
valve,  but  on  attempting  to  withdraw  the  piston  no  air  will  be 
able  to  re-enter  the  cylinder,  and  a  resistance  will  be  experienced, 
owing  to  the  pressure  on  the  upper  surface  of  the  piston  occa- 

fied  more  readily  it  is  not  so,  the  nearer  they  are  made  to  approach  to  the  point  of 
liquefaction  the  greater  Is  the  difference  between  the  volume  actually  observed,  and  the 
result  calculated.  The  contraction  is  always  found  to  be  more  considerable  by  experi- 
ment, than  it  should  be  by  the  law  usually  assumed.    (197) 

Some  of  the  results  obtained  by  Regnault  are  embodied  in  the  following  table ;  they 
show  considerable  deviations  from  the  law  in  four  important  gases  under  high  pleasures* 

Elasticity  of  Gout  at  Eigh  Freuure. 


Pressure  in 
Atmosphere* 

Air. 

Nitrogen. 

Carbonic  Acid 

Hydrogen. 

1 
10 
20 

1-000000 

9*916220 

19719880 

1-000000 

9-948590 

19-788580 

1-000000 

9-226200 

16705400 

1*000000 
10-056070 
20-268270 

The  elasticity  of  hydrogen  therefore  increases  even  more  rapidly  than  the  pressure : 
with  the  other  gases  the  elasticity  does  not  quite  keen  pace  with  it.  It  would  seem 
from  these  experiments  as  if  there  were  more  probability  of  liquefying  oxygen  than 
nitrogen,  and  both  these  than  hydrogen. 
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aioned  by  the  elasticity  of  the  external  air.  If  the  cylinder  be 
provided  with  a  second  valve  at  the  bottom,  opening  in  the  same 
direction  as  that  in  the  piston,  this  valve  will,  on  thrust-  Fig.  9. 
ing  down  the  piston,  be  closed  by  ihe  elasticity  of  the  in-  t=~^i 
eluded  air,  while  tne  upper  valve  Will  be  opened;  on 
withdrawing  the  piston  the  effect  is  reversed,  and  the 
lower  valve  rises,  the  air  enters,  while  the  valve  in  the 
piston  is  firmly  closed.  Such  an  arrangement  constitutes 
the  exhausting  syringe  or  air-pump  in  its  simplest  form. 
In  the  usual  ana  more  convenient  form  of  the  air-pump 
(fig.  10),  a  brass  tube'  passes  from  the  bottom  of  the  sy- 
ringe and  terminates  in  the  centre  of  a  disk  of  brass  or  of 
glass,  ground  accurately  flat :  the  vessel  from  which  the 
air  is  to  be  exhausted  also  has  its  edge  ground  truly,  and 
it  is  inverted  upon  the  plate.  On  elevating  the  piston, 
the  elasticity  of  the  air  within  the  vessel  or  receiver  raises 
the  lower  valve,  and  the  dilated  air  enters  the  vacuum 
produced  in  the  lower  part  of  the  cylinder  by  withdraw- 
ing the  piston;  the  air  thus  admitted  again  raises  the 
valve  of  the  piston,  when  the  latter  is  so  far  depressed  as 
to  render  the  elasticity  of  the  air  beneath  it  superior  to  that  of 
the  atmosphere :  the  same  action  goes  on  with  every  successive 
motion  of  the  piston,  until  the  elasticity  of  the  air  within  be- 
comes so  much  diminished 
as  to  be  insufficient  to  raise 
the  lower  valve.  For  con- 
venience, two  of  these  ex- 
hausting syringes  are  often 
combined  in  the  air-pump, 
and  are  made  to  work  alter- 
nately by  a  rack  and  pinion. 
(30)  Avr-Pump  with 
Single  Barrel. — A  more 
complete  vacuum  may  be 
obtained  with  a  pump  of 
simpler  construction,  but 
the  labour  of  using  it  is 
considerably  greater.  The 
difference  between  this  form 
of  the  instrument  and  the  one  just  described  will  be  readily  un- 
derstood with  the  assistance  of  ng.  11.  This  pump  consists  of  a 
single  barrel,  within  whfth  a  solid  plunger,  a,  moves  air-tight. 
The  plunger  is  connected  with  a  smooth  solid  rod,  b,  which  also 
works  air-tight  through  a  stuffing-box,  s,  at  the  top  of  the  barrel. 
In  this  stuffing-box  is  a  conical  metallic  plug,  or  valve,  v,  open- 
ing upwards  and  projecting  a  little  way  below  the  under  surface 
of  the  stuffing-box,  wnich  is  ground  flat.  The  communication,  p, 
between  the  plate  of  the  pump  and  the  barrel,  is  made  at  a  suffi- 
cient distance  from  the  bottom  to  allow  the  plunger  to  pass  com- 
pletely beyond  it.  In  order  to  use  the  instrument  the  plunger 
is  carried  down  to  the  bottom  of  the  barrel,  the  receiver  is  then 
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Fig.  11. 


attached  to  the  plate,  and  the  piston  raised.  In  rising,  the  air 
contained  in  the  barrel  is  expelled  through  the  valve  in  the  stuff- 
ing-box, and  bubbles  up  through  the  oil  placed  there 
to  keep  the  joints  air-tight  W"hen  the  piston  now 
descends,  a  complete  vacuum  is  formed  above  it,  un- 
til it  passes  below  the  aperture  which  leads  to  the  re- 
ceiver ;  the  air  then  rusnes  in  above  the  piston ;  this 
portion  is  in  turn  expelled  by  raising  the  piston  again : 
and  the  exhaustion  may  in  this  way  be  carried  on  till 
it  becomes  almost  complete,  because  the  valve  is  now 
raised  not  simplv  by  the  elasticity  of  the  air  confined 
between  it  and  the  piston,  but  it  is  pushed  up  by  the 
upper  surface  of  the  piston  itself,  and  the  last  bubble 
of  air  is  displaced  by  a  drop  of  oil  which  flows  past  the 
valve  and  thus  effects  its  emulsion. 

(31)  Elastic  Force  of  Air. — The  increase  in  bulk 
of  the  enclosed  air,  and  consequent  decrease  in  its  elas- 
ticity, may  be  illustrated  by  placing  a  tube,  blown  into  a  bulb 
at  one  end,  full  of  air,  and  with  its  open  mouth  downwards  in- 
serted in  a  vessel  containing  water,  under  the  receiver  of  the 
pump.  With  each  movement  of  the  piston,  the 
air  in  the  bulb  expands,  while  a  portion  of  it  in 


Fig.  12. 


the  act  of  expanding  escapes,  and  bubbles  up 
through  the  water.    An  amusing  variation  of 


T    .- . 

a  this  experiment  may  be  made  by  placing  a  num- 

ber of  shrivelled  apples  in  the  receiver,  and  then 
working  the  pump.  The  apples  contain  air  in 
their  pores,  which  is  prevented  from  escaping 
by  the  rind  ;  on  working  the  pump  the  dimin- 
ished pressure  causes  this  imprisoned  air  to  ex- 
pand ;  in  consequence,  the  apples  swell  up,  and 
regain  their  fresh  and  plump  appearance.  The 
illusion  vanishes  the  moment  the  atmospheric 
air  is  readmitted,  because  the  pressure  of  the 
external  air  reduces  'that  in  the  apples  to  its 
former  bulk.  The  elastic  force  thus  exhibited 
is  very  considerable,  as  may  be  shown  by  the 
following  experiment.  Take  a  thin  vessel,  such 
as  a  light  flask,  and  seal  it  up  full  of  air ;  now 
if  the  air  be  exhausted  from  a  receiver  placed 
over  it,  the  flask  will  be  burst  into  fragments. 
The  powerful  pressure  which  air  exerts  against 
the  internal  surface  of  the  vessels  in  which  it  is 
contained,  may  also  be  exhibited  by  allowing  a 
weight  of  several  pounds  to  rest  upon  a  bladder 
placed  under  the  receiver  of  the  air-pump ;  on 
exhausting  the  air  from  the  receiver,  the  air  in 
the  bladder  expands,  and  lifts  the  weight. 
■*■  (32)  Condensing  Syrmge. — If  the  valves  in 
the  springe  be  made  to  open  in  the  opposite  direction  to  those  of 
the  air-pump,  the  instrument  constitutes  the  condensing  syringe. 
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Fig.  13. 


By  attaching  it  to  a  reservoir  capable  of  resisting  the  pressure,  as 
shown  in  fig.  12,  air  may  be  compressed  without  difficulty,  and 
stored  tip  as  a  mechanical  power ;  the  elasticity  of  air  so  com- 
pressed is  capable  of  being  Drought  suddenly  into  exercise,  and 
thus  a  force  of  great  intensity  may  be  applied.  Instances  of  this 
kind  are  famished  in  the  compressed  air-fountain,  and  in  the 
common  forcing  pump,  one  variety  of  which  constitutes  that  in- 
valuable machine,  the  fire-engine.  A  still  more  striking  illustra- 
tion is  seen  in  the  air-gun,  where  the  power  of  compressed  air  is 
made  to  execute  the  office  of  ordinary  gunpowder,  a  substance 
which  may  be  regarded  as  a  magazine  of  condensed  air  which 
can  be  brought  into  action  at  will. 

(33)  Weight  of  the  Air.— By  means 
of  the  air-pump  it  is  easy  to  show  by  di- 
rect experiment,  that  air,  in  common  with 
every  form  of  matter,  has  weight,  and 
even  to  meaisure  its  weight.  For  this  pur- 
pose a  well  shaped  globular  flask,  f.  fig. 
13,  furnished  with  a  small  stop-cock,  is 
screwed  to  the  plate  of  the  pump,  and  the 
air  is  exhausted  In  this  state  it  is  trans- 
ferred to  a  good  balance  and  accurately 
counterpoised;  it  is  then  attached  to  a 
graduated  jar,  o,  filled  with  air,  also  pro- 
vided with  a  stop-cock,  and  standing  over 
water ;  the  moment  that,  by  opening  the 
stop-cocks,  a  communication  is  made  be- 
tween the  jar  and  the  flask,  the  air  rushes 
into  the  exhausted  vessel.  The  amount 
that  thus  enters  is  read  off  by  noticing  the 
level  of  the  water  before  the  stop-cocks 
are  opened,  and  then  estimating  its  rise 
afterwards  by  the  marks  on  the  side  of  1 
the  jar.  On  transferring  the  flask  back 
to  the  balance,  it  will  be  found  to  have 
increased  in  weight  several  grains. 

Minute  attention  to  a  variety  of  circumstances  is  required  to 
ensure  a  correct  result  in  this  experiment.  It  is  by  experiments 
conducted  on  this  principle  that  the  average  weight  of  tne  air  has 
been  well  ascertained.    (146) 

According  to  Prout,  100  cubic  inches  of  air  at  a  temperature 
of  60°  F.,  when  the  column  of  mercury  in  the  barometer  stands 
at  30  inches,  weigh  31*0117  grains.  Kegnault  found  that  1  litre 
of  air  at  32°  F.,  weighed  (barometer  29*922  inches)  1-293187 

Sammes.    This,  if  reduced  to  the  English  standards,  would  make 
e  weight  of  100  cubic  inches  of  air  amount  to  30*954  sprains.* 
We  may  form  some  notion  of  the  actual  weight  of  the  air,  by 
calculating  the  quantity  contained  in  a  given  space.    Take,  for 
example,  a  room  30  feet  long,  28  feet  wide,  and  19  feet  high, 

•According  to  Begnault,  the  specific  gravity  of  mercury  at  82°  is  13*596,  water  at 
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offering  a  cubic  content  of  15960  cubic  feet;  since  100  cubic 
inches  of  air  weigh  31  grains,  13  cubic  feet  of  air  weigh  nearly 
1  lb.  The  total  weight  of  air  in  such  a  room  is,  therefore,  about 
1220  lb.,  or  a  little  more  than  half  a  ton. 

It  is  obviouB  that  if,  in  the  experiment  with  the  flask,  just 
described,  the  graduated  jar  had  contained  any  other  gas  instead 
of  atmospheric  air,  it  would  be  possible  to  ascertain  the  weight 
of  a  given  quantity  of  such  gas ;  and  by  comparing  this  weight 


Fig.  14. 


with  that  of  an  equal  bulk  of  air,  to  ascertain 
its  density  approximativdy. 

(84)  ^Household  Pump. — The  pressure  of 
the  air  is  the  power  whicn  raises  water  in  the 
bore  of  an  ordinary  pump.  The  construction 
of  this  very  useful  machine  will  be  at  once  un- 
derstood from  the  description  of  the  air-pump 
1^=^  which  has  been  already  given ;  the  arrange- 
-  ment  of  the  valves  being  similar.  On  depress- 
ing the  piston-rod  (fig.  14),  air  escapes  through 
the  upper  valve,  a,  and  on  raising  it  again,  a 
fresh  portion  enters  from  the  pipe  attached 
below  the  second  valve,  b.  The  weight  of  the 
atmosphere  upon  the  surface  of  the  water  in 
the  well  forces  up  a  portion  of  this  liquid,  the 
weight  of  which  compensates  for  the  dimin- 
ished elasticity  of  the  air  in  the  barrel,  till  on 
again  depressing  and  raising  the  piston  several 
times  successively,  the  whole  of  the  air  has  its 
place  supplied  by  the  water  which  is  thus 
raised  from  the  well  below,  the  pressure  of  the 
atmosphere  being  removed  from  the  surface  of 
that  part  of  the  water  contained  in  the  pipe 
beneath  the  valves.  It  is  manifest,  however, 
that  there  must  be  a  limit  in  the  height  to 
which  water  can  be  raised  in  this  way.  As 
soon  as  the  column  of  water  in  the  pump  above 
the  level  of  that  in  the  well  is  Ion?  enough  to 
balance  the  weight  of  a  similar  column  of  air 
extending  to  the  upper  limits  of  the  atmo- 
sphere, the  water  will  rise  no  higher.  Such  a 
column  of  water  is  about  33  feet  in  height.  If  a  tube  40  feet 
long  be  closed  at  its  upper  end,  filled  with  water,  and  then  placed 

$9*2*  being  taken  as  1 ;  consequently  the  relatta  weights  of  equal  measures  of  sir, 
water,  and  mercury  will  be— 

Air  at  82°  F.  Water  at  89°  F.  Mercury  at  82°  F. 

1  :  778-8  :  105185 

under  a  barometric  pressure  of  29*922  English  inches  at  82°.    Calculating  these  rabies 
ail  at  the  English  standard  temperature  of  60°  F.,  and  at  the  barometric  pressure  of  80 
inches,  and  allowing  for  the  relative  expansion  of  water  and  mercury  by  heat,  the  pro- 
portions will  be  the  following- 
Air,  Water,  Mercury, 
1               :                  816*8               :  11058 
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month  downwards  in  a  vessel  of  water,  the  water  in  the  tube  will 
fall  till  it  stands  about  33  feet  above  the  level  of  that  in  the  cis- 
tern. Such  a  tube,  forming,  in  fact,  a  water  barometer,  was 
placed  by  the  late  Professor  Daniell  in  the  hall  of  the  Boyal 
Society.  It  is  very  sensitive  to  changes  in  the  pressure  of  the 
atmosphere,  the  column  during  a  gale  of  wind  rising  and  falling 
visibly  in  the  tube. 

(85)  Pressure  Gauge,  and  Barometer. — If  the  tube  were  filled 
With  a  liquid  heavier  than  water,  a  proportionately  shorter  column 
of  it  would  be  sustained  by  the  pressure  of  the  air,  the  length  of 
the  column  being  inversely  proportioned  to  the  specific  gravity 
of  the  two  liquids.  Now  as  mercury  is  rather  more  than  13  times 
as  heavy  as  water,  this  fluid  metal  will  rise  to  a  height  only  about 
t>t  as  great  as  that  of  water,  or  to  a  height  of  about  30  inches  in- 
stead of  33  feet.  This  result  is  easily  verified ;  for  if  a  glass  tube 
about  three  feet  long,  and  dosed  at  one  extremity,  be  completely 
filled  with  mercury,  the  aperture  closed  with  the  finger,  and  it  be 
placed  mouth  downwards  in  a  basin  of  mercury, — on  removing 
the  finger,  the  column  of  fluid  metal  will  partially  descend,  ana 
leave  a  void  space  of  5  or  6  inches  in  length  in  the  upper  part  of 
the  tube.  But  the  most  complete  demonstration  that  the  mer- 
cury is  sustained  solely  by  the  pressure  of  the  air  upon  that  in  the 
basin,  is  furnished  by  placing  the  whole  apparatus  under  the  re- 
ceiver connected  with  the  air-pum^ :  as  the  air  is  exhausted,  and 
consequently  the  pressure  is  diminished,  the  column  sinks ;  but  it 
recovers  its  former  level  on  re-admitting  the  air  from  without.  A 
tube,  or  air-gauge,  acting  on  this  principle,  is  usually  attached  to 
every  aiivpump,  as  a  convenient  means  of  judging  of  the  perfec- 
tion of  the  vacuum.  If  it  were  possible  wholly  to  exhaust  the 
air  from  the  receiver,  the  mercury  would  rise  in  such  a  gauge 
(which  is  simply  a  tube  open  at  top  into  the  receiver,  and  dipping 
below  into  a  basin  of  mercury)  until  it  stood  at  the  same  level  as 
in  the  barometer  at  the  time  of  the  experiment :  but  this  result 
is  never  attained  in  practice ;  the  elasticity  of  the  portion  of  air 
remaining  in  the  receiver  always  depresses  the  metal  a  few  hun- 
dredths of  an  inch  in  the  gauge  below  this  point.  By  means  of 
the  gauge,  the  density  of  the  air  still  remaining  in  the  receiver  is 
readily  ascertained,  for  the  density  is  always  exactly  proportioned 
to  the  pressure.  Suppose,  then,  the  gauge  showed  a  residual 
pressure  of  ^  of  aA  inch,  the  remaining  air  would  have  only  7  jT 
of  the  density  that  it  possesses  at  the  commencement,  if  the  atmos- 
pheric pressure  shown  by  the  barometer  at  the  time  were  equal 
to  a  column  of  30  inches  in  height. 

Eegnault  employs  a  gauge,  at  the  side  of  which  an  ordinary 
mercurial  barometer  plunging  into  the  same  cistern  is  placed  (fig. 
15),  so  that  the  difference  in  neight  between  the  two  columns  of 
mercury  may  be  read  off  with  great  accuracy  by  means  of  a  grad- 
uated scale  and  verniers,  v  v.* 

•  The  difference  in  height  may  be  still  more  accurately  read  off,  without  the  employ- 
ment of  verniers,  by  using  an  instrument  called  a  cathetonwUr  (from  icdBrm ,  a  perpen- 
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Fig.  15, 


A  simple  pressure  gauge  or  manometer  (from  fiavo^  rare)  for 
estimating  the  rarity  or  condensation  of  air  in  a  cojifined  space, 

is  made  by  bending  *  tube  into 
the  form  shown  in  fig.  16,  and 
pouring  water  into  the  bend; 
the  apparatus  is  attached  at  a 
to  the  air  vessel,  the  other  limb, 
J,  being  open  to  the  atmos- 

!>here;  by  the  difference  of 
evel,  the  elasticity  of  the  gas 
under  experiment  can  be  accu- 
rately estimated  by  a  scale 
placed  between  the  tubes. — 
Where  the  pressures  are  con- 
siderable, mercury  is  used  in- 
stead of  water.  A  pressure 
gauge  of  this  simple  descrip- 
tion is  in  constant  requisition 
in  coal-gas  works  for  estimating 
the  pressure  in  the  gasometer, 
the  street  mains,  or  at  any 


in 


part  of  the  services. 

A  simple  inverted  tube  when 
filled  with  mercury,  with  due 
precautions  to  exclude  every 
particle  of  air,  and  furnished  with  accurate 
means  of  measuring  the  height  of  the  column 
•  above  the  level  of  the  mercury  in  the  cistern, 
constitutes  one  of  the  most  indispensable  philosophical  instru- 
ments— the  barometer  (from  fidpos,  a  weight,  and  fikrpovy  a  meas- 
ure). The  diameter  of  the  tube  is  of  little  consequence ;  but  a 
tube,  i  or  i  an  inch  wide,  or  wider,  is  preferable  to  one  of  smaller 
bore.  A  slight  fixed  correction  for  capillarity,  varying  with  the 
diameter  of  the  tube,  is  required  for  each  instrument.  In  the 
best  instruments  of  this  description  the  whole  scale  is  moveable 
by  a  rack  and  pinion,  p  (fig.  It),  and  can  be  adjusted  so  that  its 
lower  extremity,  which  for  convenience  of  observation  is  made  to 
terminate  in  a  fine  steel  point,  e,  can  be  brought  exactly  to  coin- 
cide with  the  surface  of  the  mercury  in  the  cistern :  unless  this 
contrivance  were  adopted,  it  would  not  be  possible  accurately  to 
measure  the  height  of  the  column  of  metal,  because  the  level  of 
the  mercury  in  the  cistern  is  continuallv  undergoing  slight  varia- 
tions ;  as  the  metal  rises  in  the  tube  it  rails  in  the  cistern,  and  vice 
versd :  part  of  the  cistern  is  constructed  of  glass,  to  allow  the 
point  of  the  scale  to  be  seen.    The  height  of  the  mercurial  column 

dicular),  which  consists  of  a  telescope  of  short  focus,  furnished  with  a  spirit-level,  by 
which  its  horizontality  may  be  secured.  The  telescope  can  be  raised  or  lowered  upon 
a  graduated  scale,  which  is  placed  truly  vertical,  until  its  cross-wires  coincide  with  the 
level  of  the  mercury.  With  an  instrument  upon  this  principle  properly  constructed, 
differences  in  perpendicular  height  in  the  mercurial  columns  may  be  determined  with 
minute  precision.    It  is  the  method  uniformly  adopted  by  Regnault 
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above  the  level  of  the  mercury  in  the  cistern  when  the  instrument 
has  been  placed  in  a  truly  vertical  position,  is  read  off  at  the  top 
by  a  vernier,  t>,  which  estimates  differences  of 
TJy  of  an  inch.    The  barometer  has  been  con-  *«»•  *?• 

etructed  in  a  great  variety  of  forms,  but  the  sim- 
ple inverted  tube  is  the  best  for  ordinary  pur- 
poses. 

(36)  The  Syphon,  which  is  another  instrument 
in  frequent  use  in  the  laboratory,  depends  for  its 
operation  partly  upon  the  principle  of  atmos- 
pneric  pressure.  -  Toe  syphon  is  a  bent  tube,  by 
means  of  which  liquids  may  be  lifted  above  the 
level  at  which  they  stand,  provided  that  they  are 
ultimately  transferred  to  a  lower  level.    Suppose 
that  it  be  desired  to  draw  off  a  liquid  without 
disturbing  a  powder  which  has  settled  down  to 
the  bottom  of  a  vessel ;  a  bent  tube  or  syphon  (s, 
fig.  18),  one  limb  of  which  is  longer  than  the 
otner,  is  filled  with  water,  and  closed  by  placing  ■ 
the  finger  at  the  end  of  the  longer  limb ;  the  in- 1 
strument  is  then  inverted,  and  the  short  limb  is 
plunged  rapidly  into  the  liquid  to  be  decanted. 
On  removing  the  finger  from  the  longer  limb,  the 
liquid  flows,  and  will  continue  to  do  so  as  long  as 
the  shorter  limb  remains  below  the  surface  of  the  f 
liquid  in  the  vessel.    If  the  vessel  v,  however,  be ! 
raised  until  the  longer  limb  of  the  syphon  is  im-| 
mersed  in  the  liquid  that  has  run  over,  and  the" 
liquid  stands  at  the  same  level  in  both  vessels,  no 
further  flow  will  take  place ;  if  v  be  again  de- 

Eressed,  the  flow  through  the  syphon  will  again 
e  renewed.  When,  as  was  effected  by  the  ex- 
pedient of  raising  the  lower  vessel  till  the  liquid 
stood  at  the  same  level  in  both,  the  acting  limbs 
of  the  syphon  are  of  ecpial  length,  the  column  of  liquid  in  each 
has  the  same  perpendicular  height,  and  the  downward  pressure 
of  each  column  will  be  the  same : 
neither  column  will  preponderate 
over  the  other :  but  if  the  vertical 
column  of  liquid  be  longer  on  one 
side  than  on  the  other,  this  longer 
column  will  necessarily  press  down- 
wards with  more  force  on  that  side 
than  the  column  in  the  shorter  limb 
presses  in  the  opposite  direction ; 
the  atmospheric  pressure,  however, 
is  equal  on  both  sides ;  the  heavier 
column  therefore  runs  out  of  the  i 
tube,  drawing  with  it  the  liquid  in 
the  shorter  limb,  and  the  place  of 
this  liquid  is  supplied  by  a  fresh 


Fig.  18. 
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portion  from  the  vessel,  owing  to  the  pro&nre  of  the  atmosphere 
which  drives  it  up  into  the  space  that  would  otherwise  become 
empty. 

(37)  Downward  Pressure  cf  the  Atmosphere. — From  what 
has  been  already  stated,  it  must  be  obvious  that  we  are  living  at 
the  bottom  of  a  vast  a&rial  ocean,  and  subject  to  the  pressure  of 
the  superincumbent  mass, — a  pressure*  which  amounts  to  about 
15  pounds  upon  every  square  inch  of  surface,  and  as  has  been 
estimated,  to  about  14  or  15  tons  upon  the  surface  of  the  body  of 
a  man  of  average  stature. 

The  existence  of  this  downward  pressure  of  the  air  is  a  matter 
of  the  highest  importance  to  us.  It  admits  of  proof  by  experi- 
ment in  a  variety  of  ways.  The  receiver  of  the  air-pump  may  at 
first  be  lifted  from  the  brass  plate  without  difficulty,  but  after  a 
few  strokes  of  the  pump  in  the  ordinary  process  of  exhausting,  it 
becomes  fixed  by  the  pressure  of  the  superincumbent  air,  uncom- 
pensated by  that  within  the  vessel.  It  is  for  this  reason  that  an 
arched  form  is  given  to  the  external  surface  of  vessels  designed  to 
bear  exhaustion.  If  the  hand  be  placed  over  the  mouth  of  a  re- 
ceiver having  at  the  top  an  opening  of  2  or  8  inches  in  diameter, 
a  very  partial  removal  of  the  air  will  make  this  pressure  painfully 
sensible ;  and  if  a  piece  of  bladder  be  moistened  and  securely  tied 
over  the  opening  and  then  left  to  dry,  its  surface  will,  when  a  por- 
tion of  the  enclosed  air  is  removed,  become  very  tense  and  con- 
cave, and  if  the  exhaustion  be  carried  far  enough,  it  will  suddenly 
burst  with  a  loud  report. 

But  the  question  will  naturally  arise,  how  is  it,  that  if  our 
bodies  are  subjected  to  the  enormous  pressure  above  indicated,  we 
are  not  only  able  to  support  it  without  being  crushed  or  rootedf  to 
the  earth,  but  are  even  insensible  of  its  existence.  The  reason  is, 
that  the  pressure  is  equal  in  all  directions.  The  air  upon  the 
earth's  surface  being  compressed  by  that  above  it,  acquires  an 
elasticity  sufficient  exactly  to  counterpoise  that  pressure,  and  it 
presses  laterally  and  upwards,  with  a  force  exactly  equal  to  that 
with  which  it  is  compressed.  A  very  simple  experiment  will 
suffice  to  demonstrate  the  upward  pressure.  Take  a  glass  jar  with 
a  smooth  edge  (a  common  wine-glass  will  do),  fill  it  with  water, 
close  the  mouth  with  a  card  or  with  a  bit  of  paper,  retain  the  card 
in  its  place  with  the  hand,  and  turn  the  jar  mouth  downwards; 
the  hand  may  be  removed,  the  card  will  remain  supported,  and 
the  water  will  not  escape.  Indeed,  we  might  thus  support  a 
column  of  water  33  feet  long  (but  not  longer),  as  that  would  just 
balance  the  pressure  of  a  column  of  air  of  equal  diameter.  It  is 
this  upward  pressure,  exerted  by  the  portion  of  the  air  that  is  dis- 
solved in  our  blood,  and  that  pervades  every  tissue  of  our  frame, 
which  renders  us  unconscious  of  the  atmospheric  pressure.  If  the 
pressure  upon  the  surface  of  the  body  be  decreased,  as  by  ascend- 
ing a  lofty  mountain,  great  inconvenience  is  often  experienced ; 
bleeding  at  the  nose,  and  other  unpleasant  symptoms  sometimes 
arising,  from  the  expansion  of  the  air  within  the  body  when  the 
external  pressure  is  removed.    Blood  flows  in  the  operation  of 
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cupping,  because  the  atmospheric  pressure  is  partially  removed 
over  the  wounds  inflicted  by  the  lancets. 

(38)  Pneumatic  Trough. — Among  the  many  useful  contriv- 
ances depending  on  the  pressure  of  the  air,  is  a  simple  but  inval- 
uable apparatus  of  Priestley's,  called  the  pneumatic  trough,  which 
enables  us  to  confine  air  and  gases  in  vessels,  and  to  decant  them 
from  one  to  another  with  as  much  ease  as  liquids  may  be  man- 
aged and  poured.  The  pneumatic  trough  consists  of  a  vessel 
containing  water,  fig. 
19,  across  which,  at  the 
depth  of  2  or  3  inches 
from  the  top,  a  ledge 
or  shelf  is  placed  ;  the 
jars  destined  to  receive 
the  gas  are  filled  with 
water,  and  placed  with 
their  mouths  down- 
wards upon  the  shelf, 
which  is  kept  about  an 
inch  under  water :  into 
these  jars  the  gas  is  al- 
lowed to  bubble  up, 
and  it  may  be  trans- 
ferred from  one  jar  to 
another  by  an  inverted 
pouring.  When  a  jar 
has  been  filled,  or  par- 
tially filled  with  gas,  it 
may  be  readily  removed  from  place  to  place  by  sliding  under  its 
open  mouth,  while  still  immersed  in  water,  a  plate  or  shallow 
tray,    containing   water,  on 

which  it  may  be  lifted  out  Fl°-  2<x 

of  the  pneumatic  trough  as 

ftt  n. 

(39)  The  Gat-holder.— 
When  large  quantities  of  gas 
are  to  be  stored  up,  a  differ- 
ent apparatus,  the  pas-holder, 
is  employed,  and  in  this  in- 
strument also,  advantage  is 
taken  of  the  downward  press- 
ure of  the  atmosphere.  The 
gas-holder  is  represented  in 
ng.  20.  It  consists  of  a  cyl- 
inder, b,  surmounted  by  a 
tray,  a,  for  holding  water; 
this  tray  communicates  with 
the  cylinder  by  means  of  two 
pipes  provided  with  stop- 
cocks ;  one  of  these  pipes,/,  proceeds  nearly  to  the  bottom  of  the 
cylinder,  b,  and  is  open  at  ooth  extremities ;  the  other  pipe,  e> 
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only  just  enters  the  top  of  the  lower  cavity :  at  the  lower  part  of 
the  cylinder  is  a  short,  wide  pipe,  0,  passing  obliquely  upwards, 
and  furnished  with  a  plug,  by  which  it  can  be  closed  at  pleasure. 
A  third  stop-cock  is  introduced  at  the  upper  part  of  the  cylinder 
at  g,  to  which  a  flexible  tube  may  be  attached  for  the  convenience 
of  transferring  the  gas.  Now  suppose  the  gas-holder  to  be  full  of 
atmospheric  air  ana  to  be  wanted  for  use ;  the  pipe  c  at  the  bot- 
tom is  closed,  water  is  poured  into  the  tray,  ana  both  stop-cocks 
in  the  vertical  pipes  are  opened :  the  water  descends  through  the 
longer  pipe,  f$  whilst  the  air  escapes  in  bubbles  througn  the 
shorter  one,  e ;  when  b  is  completely  full,  the  stop-cocks  are 
closed,  and  the  plug  at  the  bottom  removed ;  no  water  escapes, 
owing  to  the  pressure  of  the  atmosphere  upon  the  surface  of  the 
liquid  in  the  wide  tube  <?,  the  water  being  retained  just  as  in  the 
ordinary  bird-fountain.  The  neck  of  the  retort  r,  or  other  vessel 
for  producing  the  gas,  is  introduced  completely  within  the  cylin- 
der, and  the  water  is  displaced  by  the  gas  which  rises  and  accu- 
mulates in  the  upper  part,  whilst  the  water  runs  off  into  a  vessel 
E laced  below.  The  progress  of  the  experiment  may  be  watched 
y  means  of  the  glass  tube,  J,  which  is  open  both  at  top  and  bot- 
tom into  the  cylinder,  b  ;  the  level  of  the  water  within  the  instru- 
ment is  thus  always  exhibited.  In  order  to  use  the  gas  stored  up, 
the  plug  is  replaced  at  <?,  and  the  stop-cock  in  the  long  pipe  opened 
to  allow  the  column  of  water  to  exert  its  pressure  on  the  gas,  which 
escapes  on  cautiously  turning  the  stop-cock  e,  and  may  either  be 
received  in  a  jar  placed  on  a  tray  over  the  short  tube,  e9  or  it 
may  be  conveyed  away  through  a  flexible  tube  attached  to  the 
stop-cock  g. 

(40)  Water  dissolves  all  gases : 
21*  some    in    small  quantities,  and 

others  with  very  great  avidity; 
the  latter  of  course  cannot  be  col- 
lected over  water.  Indeed,  in  all 
cases  where  great  accuracy  is  re- 
quisite, some  other  liquid,  must 
be  substituted  in  the  trough  and 
jars  for  water.  Mercury  is  the 
fluid  which  offers  fewest  incon- 
veniences, and  it  is  usually  em- 
ployed for  this  purpose  in  a 
trough,  the  form  of  which  is  seen  in  fig.  21. 

(ll)  Correction  of  Oases  for  Pressure. — The  foregoing  mode 
of  collecting  gases  over  mercury  leads  us  to  consider  a  correction 
of  great  importance  in  cases  where  an  accurate  measurement  of 
the  Dulk  of  a  gas  is  requisite.  In  all  cases  a  portion  of  air  or  gas 
which  communicates  with  the  atmosphere  either  through  the  walls 
of  a  flexible  bag  or  bladder,  or  that  is  confined  over  water  or  mer- 
■cury,  is  subject  to  the  pressure  of  the  atmosphere,  transmitted  to 
it  either  through  the  flexible  material,  or  through  the  interposed 
portion  of  liquid.  If,  in  the  pneumatic  trough,  the  liquid  within 
and  without  the  jar  stand  at  the  same  level,  the  pressure  upon  the 
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included  gas  will  be  exactly  that  due  to  the  atmosphere  at  the 
time ;  if,  however,  the  liquid  within  stand  higher  than  that  in  the 
bath,  the  gas  will  be  subjected  to  a  pressure  less  than  that  of  tne 
atmosphere  at  the  time,  by  the  amount  necessary  tosupport  the 
column  of  liquid  above  the  outer  level  of  that  in  the  batn. 

Observation  has  shown  that  the  pressure  of  the  atmosphere  at 
the  same  spot  is  liable,  from  different  causes,  to  continual  vari- 
ation. The  average  pressure  at  the  sea-level  is  equivalent  to  that 
of  a  column  of  mercury  30  inches  in  height ;  but  in  this  climate 
it  is  sometimes  so  much  diminished  as  to  support  a  column  of 
only  about  28  inches ;  at  other  times  the  pressure  will  be  equiva- 
lent to  nearly  31  inches  of  mercury.  Now  the  same  quantity  of 
gas  will,  under  these  different  circumstances,  sometimes  occupy  a 
bulk  considerably  greater,  at  others  considerably  less,  than  the 
average. 

It  is  necessary,  therefore,  in  all  experiments  upon  the  weight 
or  bulk  of  gases,  to  observe  the  height  of  the  barometric  column, 
as  this  gives  the  pressure  to  which  the  gas  is  at  the  same  time 
subjected.  This,  nowever,  is  true  only  when  the  liquid  in  the 
bath,  and  that  in  the  jar,  are  on  the  same  level.  In  practice  it  is 
rarely  possible  to  make  them  rigidly  so.  The  liauid  generally 
stands  highest  in  the  jar.  Supposing  the  gas  to  nave  been  col- 
lected over  mercury,  in  order  to  allow  tor  the  dilatation  occasioned 
by  this  inequality  of  level,  the  difference  of  the  two  levels  must 
be  accurately  measured,  and  the  measurement  so  obtained  must 
be  subtracted  from  the  height  of  the  mercurial  column  in  the 
barometer  at  the  time.  A  similar  correction  is  required  if  the 
gas  be  standing  over  water,  but  it  is  smaller  in  amount,  a  column 
of  water  of  13*6  inches  in  height  being  equivalent  to  1  inch  of 
mercury.  When  the  necessary  measurements  have  been  made, 
a  simple  calculation  shows  the  bulk  that  any  gas  would  have  oc- 
cupied, supposing  it  to  have  been  measured  under  the  pressure 
of  30  inches  of  the  barometer,  which  in  this  country  is  taken  as 
the  standard.* 

Suppose  that  having  measured  10  cubic  inches  of  oxygen 
standing  over  mercury,  tne  level  of  the  metal  in  the  jar  being  1*5 
inches  higher  than  tnat  in  the  bath,  the  barometer  at  the  time 
standing  at  29*75,  it  is  desired  to  ascertain  what  bulk  the  gas 
would  occupy  under  a  pressure  of  30  inches.    By  Marriotte's  law 

*  Id  other  countries  the  standard  pressure  to  which  gases  are  oorrected  is  generally 
that  which  has  been  proposed  by  the  French ;  vis.,  that  of  a  column  of  mercury  760 
miDmietres  (or 29*922  English  inches)  in  height:  consequently  100  cubic  inches,  meas- 
ured under  the  English  standard  pressure  of  80  inches,  would,  under  the  French  stand- 
ard, fill  a  space  of  100*261  cubic  inches.         # 

Strictly  speaking,  however,  the  observations  should  be  reduced  to  the  pressure  of  a 
column  of  mercury  29*922  inches  in  height  at  82°  F.  Such  a  column,  owing  to  the  ex- 
pansion of  mercury  by  heat,  would  be  increased  ?fa  of  its  length,  at  the  mean  tempera- 
ture of  60°  F.,  and  consequently  would  then  measure  80*005  inches :  and  under  this 
pressure  100  cubic  inches,  measured  at  a  barometric  pressure  of  80  inches,  would  be 
seduced  to  99*98  oubio  inches,  a  difference  so  trifling,  that  it  may  almost  always  be 
neglected. 
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(27)  the  bulk  of  a  gas  is  inversely  as  the  pressure  to  which  it  is 
subjected.    Therefore — 

Standard  pressure.  Observed  pressure.       Observed  voL  TruevoL 

30  .  C    28-25  or       )      ..    in    .     ]«(=*«■ 

6{)         •  I    29-75 -1-5    f     •'    1U    •     I  cub.  in.) 

In  estimating  the  weight  from  the  bulk  of  a  gas,  it  is  neces- 
sary to  make  a  further  correction  for  the  temperature  (138),  as 
well  as  for  the  state  of  moisture  or  dryness  which  it  may  possess 
at  the  time. 

(42)  Density  of  the  Atmosphere  at  Different  Heights. — A  re- 
markable consequence  of  the  law  of  elasticity  in  gases  is  exhibited 
in  the  increasing  rarefaction  of  the  atmosphere  in  ascending  from 
the  surface  of  the  earth.  The  air  is  subject  to  a  pressure  which 
gradually  decreases  with  the  progressive  elevation  above  the  sea- 
level.  This  will  be  evident  if  we  consider  the  atmosphere  to  be 
composed  of  a  series  of  layers  or  strata :  the  lowest  layer  sup- 
ports the  pressure  of  the  entire  super-incumbent  mass ;  the  one 
next  above  this  supports  the  pressure  of  all  but  the  lowest ;  the 
third  that  of  all  but  the  two  lower  ones,  and  so  in  succession.  In 
consequence  of  Marriotte's  law — viz.,  that  the  bulk  of  elastic 
fluids  is  inversely  as  the  pressure,  it  is  found  that  if  the  air  be 
examined  at  a  series  of  heights,  increasing  according  to  the  terms 
of  an  arithmetical  progression,  the  density  of  the  air  decreases 
according  to  the  terms  of  a  geometrical  progression.  In  the  fol- 
lowing table  the  heights  above  the  surface  are  taken  in  arithmeti- 
cal progression,  increasing  regularly  by  distances  of  8-4  miles ; 
the  buuc  of  equal  weights  of  air  at  these  successive  heights  in- 
creases in  geometrical  progression,  the  volume  being  doubled  for 
each  step  m  the  ascent ;  while  the  density,  and  the  corresponding 
height  of  the  barometer,  decrease  in  the  same  geometric  ratio, 
being  at  each  successive  elevation  exactly  half  what  they  were  at 
the  preceding  one : — 

Density  of  the  Air  at  increasing  Attitudes. 

HalfhtafBaraMtar.  . 

—  80-00 

—  15-00 

—  7-50 

—  8-75 

—  187 

—  098 

The  annexed  diagram  (fig.  22),  slightly  altered  from  one  in 
Tomlinson's  Treatise  on  Pneumatics,  is  supposed  to  represent  a 
vertical  section  of  the  atmosphere ;  tne  left  hand  column  shows 
the  height  in  miles  above  or  below  the  sea-level ;  the  right  hand 
column  the  corresponding  heights  of  the  barometer  in  inches ;  A 
indicates  the  altitude  of  tne  highest  peaks  of  the  Himalaya ;  b  the 
altitude  of  23,018  feet,  the  height  attained  in  a  balloon  by  Gay- 
Lussac  (17  Sept.,  1804) ;  c  Dalkeith  mine,  Cornwall,  1440  feet ; 
d  the  deepest  sea  sounding  yet  obtained,  7706  fathoms,  or  8$  miles, 
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(Capt.  Denham)  H.  M.  Ship  Herald,  October  20, 1852,  lat.  36° 
49'  k,  Ion.  37°  6'  W.* 

It  is  obvious  that  a  knowledge 
of  the  law  of  the  decrease  of  density 
in  the  atmosphere  furnishes  the 
means  of  ascertaining  the  height  of 
mountains  by  the  employment  of 
the  barometer. 

Young  has  calculated  that  if  the 
air  continued  to  diminish  indefin- 
itely in  density,  according  to  Mar- 
riotte's  law,  1  cubic  inch  of  air  of 
the  mean  density  of  that  at  the  sur- 
face of  the  earth  would,  at  a  distance 
of  4000  miles  from  the  earth's  sur- 
face for  at  a  distance  equal  to  the 
earth's  radius),  fill  a  sphere  the 
diameter  of  which  is  equal  to  that 
of  the  orbit  of  Saturn ;  and,  on  the 
other  hand,  if  a  mine  could  be  dug 
46  miles  deep  into  the  earth,  the  air 
at  the  bottom  would  be  as  dense  as 
quicksilver. 

The  observations  of  astronomers 
upon  the  amount  of  refraction  ex- 
perienced by  the  light  of  the  heav- 
enly bodies  in  traversing  the  at- 
mosphere, however,  have  rendered 
it  probable  that  there  is  a  limit  to 
the  upper  surface  of  our  atmosphere, 
as  definite  as  that  of  the  waters  of 
the  ocean,  the  repulsive  force  of  the 
particles  being  at  length  exactly 
balanced  by  tneir  gravitation  to- 
wards the  earth.  jfZ*l*rt 
•  c — - 

§  II.  Cohesion. 

J 43)  In  the  case  of  gases  the  s 

dominance  of  elasticity  is   the 
eading  characteristic ;  in  the  case 
of  solids  the  opposite  power  of  co-  D 

hesion  is  that  which  first  demands 
attention.  Cohesion  is  the  force  which  binds  together  the  same 
kind  of  particles  into  one  mass.  It  is  this  force  which  retains  a 
bar  of  iron,  a  block  of  wood,  or  a  lump  of  ice,  in  a  single  piece. 


*  This  Tory  deep  sounding,  however,  according  to  subsequent  careful  observations 
bj  American  navigators,  appears  to  be  greatly  in  excess  of  the  truth :  the  line  was  prob- 
ably dragged  by  strong  currents  so  as  to  have  deceived  the  observer.  The  deepest 
soundings  which  appear  to  be  worthy  of  confidence  were  obtained  to  the  southward  of 
the  great  banks  of  Newfoundland,  and  do  not  exceed  4}  miles,  or  about  25,000  feet 
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It  is  obvious  that  the  cohesion  of  different  bodies  varies  greatly. 
Cohesion,  however,  appears  to  be  uniform  between  particles  of  the 
same  kind  placed  under  circumstances  similar  as  to  temperature 
and  structure.  Owing  to  the  difficulty  of  securing  uniformity  in 
texture  and  freedom  from  flaws,  even  in  the  most  compact  sub- 
stances, such  as  the  metals,  it  is  difficult  to  estimate  the  coefficient 
of  cohesion  in  any  material  with  precision ;  although  the  general 
fact  thaj  iron  is  much  tougher  than  copper,  and  copper  than  lead, 
is  at  once  recognised.  Two  methods  nave  been  generally  used  to 
determine  the  cohesive  power  of  solids ;  the  first  consists  in  esti- 
mating the  weight  required  to  stretch  rods  of  a  given  diameter  of 
the  substance  under  examination,  until  they  give  way ;  the  second, 
in  finding  the  amount  of  force  required  to  crush  a  cube  of  the  sub- 
stance oigiven  dimensions. 

The  strength  of  materials,  all-important  as  it  is  to  the  engineer 
and  to  the  architect,  has  little  to  do  with  chemistry,  although  va- 
riations in  cohesion  and  aggregation  of  the  same  substance  exer- 
cise a  marked  influence  on  the  rapidity  of  many  chemical  actions. 
Gunpowder,  for  example,  is  reduced  to  grains  in  order  that  each 
portion  may  ignite  quickly,  and  contribute  its  expansive  force  to 
act  upon  the  bullet ;  but  the  very  same  material,  before  it  has 
been  granulated  and  whilst  in  the  form  of  hard  compact  masses, 
as  it  comes  from  the  press,  burns  comparatively  slowly,  like  a 
fusee  or  a  portfire. 

(44)  Reunion  of  Divided  Solids  by  Cohesion. — Particles  of  a 
similar  nature  will,  under  the  influence  of  cohesion,  reunite,  after 
complete  separation,  if  brought  sufficiently  near  to  each  other. 
This  is  shown  on  pressing  together  two  clean,  smooth,  and  fresh- 
ly-cut surfaces  of  lead ;  they  will  cohere,  and  a  force  of  some 
pounds  will  be  required  to  separate  them.  In  the  same  way,  too, 
perfectly  polished  plates  of  glass  cohere,  sometimes  so  completely 
that  they  may  be  cut  and  worked  as  a  single  piece.  This  has  not 
unfrequently  happened  in  plate-glass  manufactories. 

According  to  the  proportion  that  cohesion  bears  to  other  forces 
which,  like  heat  and  elasticity,  tend  to  separate  the  particles  of 
matter  from  each  other,  the  body  assumes  the  solid,  the  liquid,  or 
the  aeriform  state.  Considerable  differences  in  physical  proper- 
ties are  produced  both  in  solids  and  in  liquids  by  variations  in  the 
degree  of  cohesion  existing  among  their  particles. 

(45)  Cohesion  of  Solids. — In  solids,  these  variations  give  rise 
to  differences  in  hardness,  elasticity,  brittleness,  malleability,  and 
ductility. 

The  hardness  of  a  body  is  measured  by  its  power  of  scratching 
other  substances,  and  it  consists  in  the  degree  of  resistance  which 
the  particles  offer  to  the  slightest  change  of  relative  position.  To 
the  mineralogist,  the  variations  in  the  degree  of  haraness  present- 
ed by  different  crystallized  bodies,  often  furnish  a  valuable  physi- 
cal sign  by  which  one  mineral  may  be  discriminated  from  others 
which  resemble  it.  For  the  purpose  of  facilitating  such  compar- 
isons, Mohs  selected  ten  well-known  minerals,  which  are  enumer- 
ated in  the  following  table,  each  succeeding  one  being  harder 
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than  the  one  which  precedes  it :  thus  arranged,  they  constitute 
what  he  terms  a  Scale  of  Hardness,  which  nas  been  generally 
adopted.  In  the  examples  selected,  each  mineral  is  scratched  by 
the  one  that  follows  it,  and  the  hardness  of  any  mineral  may  be 
determined  by  reference  to  the  types  thus  chosen.  Suppose,  for 
example,  a  body  neither  to  scratch,  nor  to  be  scratched  oy  fluor 
spar — its  hardness  is  said  to  be  4 :  if  it  should  scratch  fluor  spar, 
but  not  apatite,  its  hardness  is  between  4  and  5  ;  the  degrees  of 
hardness  oeing  numbered  from  1  to  10.  The  figures  on  the  right 
indicate  the  number  of  minerals  known  of  the  same,  or  approxi- 
mativelv  the  same  degree  of  hardness,  as  the  substance  opposite 
to  which  they  stand : — 

Scale  of  Hardness  of  Minerals. 


1  Talc 28 

2  Compact  gypsum,  or  rock  salt 90 

8  Gale  spar  (or  any  dearable  variety)  71 

4  Fluor  spar 58 

5  Apatite  (crystallized) 48 


6  Felspar  (any  eleavable  variety)...  26 

1  Limpid  quarts 26 

8  Topaz 6 

9  Sapphire,  or  corundum 1 

10  Diamond 1 


The  cause  of  the  varieties  of  hardness  observed  in  different 
bodies  is  not  well  understood.  Even  in  the  same  substance,  trifling 
variations  in  the  external  circumstances  to  which  the  body  is  sub- 
jected often  produce  extraordinary  differences  in  the  degree  of 
hardness  whicn  it  exhibits.  A  piece  of  steel  cooled  slowly  from 
a  red  heat  is  comparatively  soft ;  it  may  be  cut  with  a  file ;  and 
under  strong  pressure,  it.  will  even  take  impressions  from  a  die ; 
whilst  the  same  piece  of  steel,  if  heated  to  redness,  and  suddenly 
cooled,  becomes  as  brittle  as  glass,  and  nearly  as  hard  as  the 
diamond. 

JBrittleness  is  exhibited  by  bodies  the  particles  of  which  resist 
displacement  with  regard  to  each  other,  except  within  extremely 
narrow  limits.  It  is  generally  observed  in  hard  and  elastic 
substances. 

Malleability  and  ductility,  or  the  property  of  extending  under 
the  hammer,  and  of  fitness  for  drawing  into  wire,  are  the  very 
opposite  of  brittleness,  the  molecules  of  the  solid  admitting  of 
very  considerable  relative  displacement  without  losing  their  co- 
hesion. These  modifications  of  cohesion  are  exhibited  only  by 
the  metals,  and  by  a  few  only  of  them. 

(46)  Cohesion  of  Liquids. — In  liauids,  notwithstanding  the 
facility  with  which  their  particles  sliae  one  over  the  other,  and 
the  unlimited  freedom  of  motion  of  each  molecule  within  the  mass 
of  liquid,  a  very  appreciable  amount  of  cohesion  still  exists,  and 
is  displayed  in  the  rounded  form  assumed  hj  every  detached  drop. 
This  same  form  of  cohesion  is  also  beautifully  shown  in  the  case 
of  two  liquids  which  do  not  dissolve  each  other,  but  which  have 
precisely  the  same  specific  gravity,  as  is  the  case  with  oil  and 
spirit  of  wine  of  a  certain  degree  of  dilution  :  if  a  little  oil  be 
poured  into  such  diluted  spirit,  it  remains  suspended  within  it  in 
the  form  of  a  perfectly  spherical  mass.  In  the  drops  of  dew  which 
fringe  every  leaf  in  a  fine  summer  morning,  we  have  an  admirable 
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natural  illustration  of  this  fact.  A  striking  exemplification  of 
cohesion  in  the  particles  of  liquids  is  also  afforded  oy  blowing  a 
large  soap-bubble  upon  the  end  of  a  glass  tube :  upon  presenting 
the  open  end  of  the  tube  to  a  lighted  taper,  whilst  the  bubble  is 
still  attached  at  the  other  end,  the  contraction  of  the  film  expels 
the  air  with  sufficient  force  to  extinguish  the  taper. 

The  researches  of  Donny  (Ann.  de  Ghim.,  III.,  xvi.  167)  have 
added  many  curious  facts  to  our  knowledge  of  the  cohesion  of 
liquids,    ^he  following  form  of  one  of  his  experiments  may  be 

cited  as  an  illus- 
Fio.  28.  tration :— A  tube, 

V  a,  fig.  28,  about  86 
inches  long  and  1 
inch  in  diameter, 
is  bent  at  its  mid- 
dle to  an  angle  of 
about  60° ;  it  is 
sealed  at  one  end, 
and  filled  with  dis- 
tilled water,  which, 
when  the  tube  is 
closed,  is  to  occupy  about  two-thirds  of  its  capacity ;  the  water  is 
thoroughly  boiled  for  an  hour,  and  the  tube  is  then  hermetically 
closed  whilst  boiling.  In  this  condition  the  tube  contains  only 
water  and  the  vapour  of  water.  After  it  has  been  carefully  re- 
versed, as  at  a,  it  may  be  brought  into  the  position  represented  at 
b,  and  the  water  will  nevertheless  be  supported  above  the  level 
of  the  liquid  in  the  other  limb  by  adhesion  to  the  surface  of  the 
glass,  and  by  the  cohesion  among  its  own  particles.  If  now  the 
tube  be  inclined  in  such  a  manner  that  a  minute  bubble  of  aqueous 
vapour  is  made  to  pass  up  into  the  full  limb,  the  column  of  water, 
having  its  continuity  broken  at  one  point,  immediately  falls,  and 
the  level  of  the  liquid  in  both  limbs  becomes  the  same. 

Even  amongst  liquids,  considerable  differences  are  observed  in 
the  degree  in  which  the  cohesive  force  is  exhibited.  Limpid 
liquids  are  those  which,  like  ether  or  spirit  of  wine,  display  great 
mobility  of  their  particles ;  bubbles  produced  in  such  liquids  by 
agitation,  rise  quickly  to  the  surface,  break  and  disappear.  In 
ofl,  syrup,  and  gum-water,  the  particles  move  sluggishly ;  such 
liquids  are  termed  viscous.  The  viscosity  of  liquids  presents  a 
certain  analogy  with  the  malleability  of  solids.  In  a  few  in- 
stances, whilst  the  solid  is  melting  under  the  influence  of  heat,  a 
viscous  state  is  observed  intermediate  between  the  hardness  of 
solids  and  the  perfect  mobility  of  liquids.  Melted  sugar,  or  bar- 
ley-sugar, is  a  case  in  point.  The  occurrence  of  viscosity,  as  ah 
intermediate  state,  is  rare*  except  in  the  case  of  a  mixture  of  two 
substances,  one  of  which  melts  at  a  temperature  a  little  higher 
than  the  other.  Glass,  which  is  a  mixture  of  several  silicates  of 
different  degrees  of  fusibility,  offers  a  striking  example  of  this 
fend ;  indeed  to  this  condition  it  owes  the  plastic  properties  by 
which  it  is  rendered  capable  of  adaptation  to  the  multifarious 
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purposes  to  which  it  is  now  applied.  A  true  chemical  compound 
passes  at  once  from  the  solid  to  the  liquid  form,  as  when  ice,  for 
example,  by  fusion,  becomes  water.  A  few  of  the  simple  bodies, 
however,  present  some  remarkable  cases  of  the  occurrence  of  vis- 
cosity preceding  fusion ;  such,  for  instance,  as  phosphorus,  and 
those  metals  which,  like  iron  and  potassium,  admit  of  being 
"  welded,"  a  process  in  which  two  pieces  of  the  metal  are  united 
into  one  mass  by  hammering  or  pressing  them  together  whilst 
they  are  in  the  soft  condition  whicn  is  observed  before  fusion. 

(47)  Influence  of  Heat  on  Cohesion. — All  analogy  leads  to  the 
conclusion  that  cohesion  would  be  entirely  destroyed  in  every  ele- 
mentary body  by  a  sufficient  elevation  of  its  temperature ;  though 
there  are  some  bodies  which  have  not  as  yet  been  liquefied,  and 
many  which  have  not  been  converted  into  vapour.  The  three 
conditions  in  which  the  same  chemical  compound  may  exist,  ex- 
emplified by  ice,  water,  and  steam,  according  to  the  degree  of 
heat  to  which  it  is  exposed,  are  shown  by  a  vast  number  of  other 
bodies.  Gold  itself  has  been  first  melted  and  then  volatilized  by 
the  intense  heat  of  the  sun's  rays  concentrated  by  a  burning  lens. 
On  the  other  hand,  by  a  sufficient  reduction  of  temperature,  united 
with  a  certain  degree  of  pressure,  a  number  of  gases  h$ve  been 
reduced,  first  to  the  liquid,  and  several  even  to  the  solid  condition. 
The  force  of  cohesion,  like  that  of  heat,  is  therefore  universal.  If 
the  repulsion  exerted  by  heat  could  be  carried  sufficiently  far, 
there  is  reason  to  believe,  that  every  known  substance,  not  actu- 
ally decomposable  by  heat,  might  appear  as  a  gas ;  and,  by  a  re- 
duction of  temperature  sufficient  to  allow  cohesion  to  exert  its 
sway,  every  known  gaseous  substance  would  probably  exist  in  the 
solid  state. 

In  gases,  cohesion  appears  to  be  entirely  overcome,  and  it  does 
not  exert  itself  sensibly,  except  in  cases  where  the  gas  is  approach- 
ing the  point  at  which,  by  pressure,  or  cold,  it  assumes  the  liquid 
form  (Note,  §  27  and  197). 

§m.  Adhesion — diffusion  of  liquids  and  gases. 

(48)  Adhesion. — Analogous  to  cohesion,  or  the  power  which 
holds  similar  particles  together,  is  that  of  adhesion,  which  is  ex- 
erted between  the  particles  of  dissimilar  kinds  of  matter.  It  not 
unfrequently  rises  high  enough  to  destroy  cohesion,  as  when  sugar 
or  salt  becomes  dissolved  in  water.  A  rod  of  glass  or  of  wood 
dipped  into  water  or  oil  comes  out  wetted  under  the  influence  of 
this  force.  It  is  exerted  between  different  bodies  with  very  dif- 
ferent degrees  of  intensity,  as  may  be  illustrated  by  the  following 
experiment : — Take  two  glass  dishes,  sift  over  the  bottom  of  one 
a  layer  of  lycopodium  or  of  finely  powdered  resin,  and  over  the 
other  a  layer  of  powdered  glass :  if  a  little  water  be  sprinkled 
upon  each,  the  drops  of  water  in  the  dish  of  resin  will  be  covered 
by  a  thin  film  of  the  powder,  and  when  the  dish  is  inclined  will 
roll  about  like  shot,  the  cohesion  of  the  particles  of  the  liquid  pre- 
dominating over  their  adhesion  to  those  of  the  solid :  whilst  on 
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the  powdered  glass,  from  the  superior  adhesion  of  glass  to  water, 
the  drops  sink  in  and  are  absorbed. 

If  tne  solid  becomes  wetted,  a  certain  preponderance  of  the 
force  of  adhesion  over  the  cohesion  of  the  particles  is  obviously 
necessary;  for  if  the  cohesive  exceeds  the  adhesive  power,  aa 
when  glass  or  iron  is  plunged  into  mercury,  the  solid  is  not  wetted. 
Extraneous  circumstances,  however,  greatly  irfodify  the  exertion 
of  this  force.  If  a  film  of  air,  of  oil,  or  of  any  foreign  matter,  be 
diffused  over  the  surface  of  the  solid,  it  is  no  longer  the  surface 
of  the  solid  and  the  liquid  which  are  concerned,  but  the  liquid 
and  the  surface  of  air  or  of  oil  with  which  the  solid  is  covered.  A 
clean  glass  is  immediately  wetted  with  water,  but  if  the  slightest 
film  of  grease  exists  upon  its  surface,  the  water  runs  off  almost 
entirely. 

Adhesion  gives  rise  to  a  variety  of  important  phenomena ;  it 
is  mainly  concerned  in  the  production  of  capillary  action,  of  solu- 
tion, ana  of  the  diffusion  of  liquids ;  it  is  also  exerted  in  osmosis, 
and  less  directlv  in  the  process  of  the  intermixture  and  diffusion 
of  gases.  In  this  chapter  some  remarks  will  therefore  be  made 
upon  each  of  these  subjects  in  succession.  Adhesion  is  the  more 
especially  worthy  of  attentive  study  by  the  chemist,  because  in 
its  manifestations  it  is  more  nearly  allied  than  any  other  force  to 
chemical  attraction. 

Adhesion  is  exerted  between  bodies  of  all  kinds,  and  when  it 
occurs  between  solids,  it  is  the  principal  cause  of  that  resistance 
to  motion  which  is  termed  friction.  As  a  general  rule,  friction  is 
greater  between  similar  kinds  of  matter,  less  between  those  which 
differ  in  nature.  An  iron  axle  moving  in  an  iron  socket  expe- 
riences under  similar  circumstances  a  greater  amount  of  friction 
than  if  revolving  in  a  brass  socket ;  and  the  interposition  of  a  sub- 
stance like  plumbago  or  grease,  the  particles  of  which  have  but 
very  little  cohesion,  is  a  familiar  mode  of  reducing  the  amount  of 
friction  in  machinery. 

Few  substances  admit  of  a  greater  variety  of  useful  applica- 
tions from  their  faculty  of  adhesion  than  caoutchouc ;  its  perfect 
adhesion  to  glass  adapts  it  admirably  for  stoppers,  and  enables 
the  chemist  to  employ  it  for  air-tight  and  flexible  joints.  This 
property  of  adhesion  to  the  bodies  which  it  touches,  further  fits 
it  for  bands  for  driving  machinery,  and  for  numberless  other 
purposes. 

(49)  Cements. — The  entire  value  of  cements  depends  upon  the 
operation  of  the  force  of  adhesion ;  and  in  the  variety  of  cements 
rendered  necessary  bv  the  variety  of  materials  to  be  united,  we 
have  additional  proof  that  adhesion  is  exerted  between  different 
kinds  of  matter  with  very  varying  degrees  of  force.  Glue  or  gum 
may  be  used  for  joining  pieces  of  pasteboard  or  wood,  while  it 
totally  fails  as  a  cement  for  glass  or  china,  either  of  which  needs 
some  resinous  material  to  unite  its  fragments ;  whilst  for  the  union 
of  marble,  stone,  or  brickwork  with  each  other,  the  use  of  mortar 
or  some  calcareous  cement  is  required.  The  thinner  the  layer  of 
cement,  the  more  perfectly  does  it  perform  its  task,  as  it  more 
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rapidly  and  completely  adapts  itself  to  changes  of  temperature, 
which,  by  causing  it  to  expand  unequally,  would  destroy  the  co- 
hesion of  its  own  particles  if  a  thick  mass  were  employed. 

Cements  of  various  kinds  are  in  continual  requisition  in  the 
laboratory.  Well-boiled  paste  applied  on  thin  paper  forms  an 
excellent  covering  for  corks  and  other  joints  which  are  liable  to 
be  porous ;  it  must  be  allowed  to  become  nearly  dry  before  it  is 
used.  Plaster  of  Paris  made  into  a  paste,  not  too  stiff,  may  often 
be  used ;  when  dry  it  may  be  washed  over  with  oil  to  make  it 
air-tight.  Strips  of  well-soaked  bladder  may  sometimes  be  em- 
ployed advantageously ;  they  form  a  firm  joint  when  dry :  but  for 
most  purposes  where  a  temporary  joint  only  is  required,  nothing 
is  so  convenient  as  a  strip  of  sheet  caoutchouc  softened  at  the  fire, 
and  bound  round  the  parts  to  be  connected ;  when  softened  thus, 
it  usually  adheres  jjerfectly  without  even  requiring  to  be  tied. 
When  the  joint  is  intended  to  be  permanent,  as,  for  example, 
when  a  brass  cap  is  to  be  attached  to  the  neck  of  an  air-jar,  a  re- 
sinous cement  consisting  of  5  parts  of  resin,  1  of  yellow  wax,  and 
1  of  finely  powdered  Venetian  red,  forms  a  convenient  mixture : 
the  resin  and  wax  are  melted  together  and  incorporated  with  the 
Venetian  red  by  stirring.  Before  applying  it,  both  the  glass  and 
the  metallic  cap  which  are  to  be  connected  together  must  be 
warmed  just  sufficiently  to  melt  the  cement.  When  the  joints 
are  required  to  resist  a  considerable  pressure  without  leaking,  a 
mixture  of  equal  parts  of  red  and  white  lead  ground  into  a  paste 
with  linseed  oil,  worked  up  with  fibres  of  tow,  and  packed  tightly 
into  the  joint,  sets  firmly,  and  is  not  liable  to  crack. 

It  not  unnrequently  happens  that  the  force  of  adhesion  between 
a  cement  and  the  bodies  which  it  unites,  surpasses  the  cohesion 
of  the  particles  which  compose  the  bodies  themselves :  from  this 
cause  we  often  see  a  film  of  wood  split  off,  adhering  to  the  sur- 
face of  the  glue,  when  a  fracture  occurs  near  one  of  these  join- 
ings. The  feat  of  splitting  a  bank-note  into  two  laminae,  which 
excited  bo  much  astonishment,  was  accomplished  by  cementing  it 
firmly  between  two  fiat  surfaces,  and  afterwards  separating  them ; 
the  cohesion  of  the  paper  being  feebler  than  the  adhesion  to  the 
cement,  the  paper  was  split  through  the  middle.  This  method 
of  splitting  paper  had,  however,  been  long  known  to  the  buhl- 
cutter  and  in-layer. 

(50)  Capillary  Action. — The  existence  of  adhesion  between 
solias  and  liquids  is  so  well  known  as  to  need  no  further  illustra- 
tion ;  but  it  produces  many  very  important  results,  some  of  which 
must  be  noticed. 

It  is  to  the  adjustment  of  the  forces  of  adhesion  and  cohesion 
between  solids  and  liquids  under  the  simultaneous  influence  of 
gravity,  that  the  important  phenomenon  called  capillary  attrao 
Hon,  is  due.  If  a  perfectly  clean  glass  tube,  with  a  fine  bore,  and 
open  at  both  ends,  be  plunged  into  water,  or  into  any  liquid 
capable  of  wetting  it,  the  liquid  will  be  found  to  rise  in  the  tube 
considerably  above  the  level  of  its  surface  in  the  vessel ;  and  the 
finer  the  tube  the  higher  does  the  liquid  rise.    The  surface  of  the 
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liquid  will  also  be  seen  where  it  approaches  the  outside  of  the 
tube,  or  the  side  of  the  vessel  containing  it,  to  stand  above  the 

general  level  (fig. 
Fio.  24.  ^         §4,  a).     The  phe- 

nomenon may  also 
be  examined  by 
placing  vertically 
m  a  shallow  vessel 
containing  a  little 
colored  liquid,  two 
plates  of  glass  with 
parallel  faces,  which 
are  in  contact  by 
two  of  their  vertical  edges,  and  slightly  separated  at  the  opposite 
edges.  The  liquid  will  rise  between  the  glass  plates*,  the  height 
of  the  column  being  inyersely  as  its  distance  from  the  angle  of 
contact  between  the  plates.  The  upper  boundary  of  the  uauid 
will  consequently  describe  a  hyperbolic  curve  (fig.  24,  b).  The 
cause  of  the  rise  of  the  liquid  is  the  adhesion  between  its  particles 
and  those  of  the  glass ;  the  limits  to  that  rise  are  the  action  of 

f'avity,  and  the  force  of  cohesion  amongst  the  liquid  particles, 
s  the  action  of  gravity  is  equal  under  ordinary  circumstances 
upon  all  the  particles  of  the  liquid,  it  reduces  the  liquid  surface 
to  a  uniform  level.  When  a  tube  is  introduced,  the  uniformity 
of  this  action  is  interfered  with,  as  the  following  considerations 
will  show : — the  particles  in  immediate  contact  with  the  side  of 
the  tube  are  partially  supported  by  adhesion  to  its  surface ;  they 
therefore  gravitate  downwards  with  a  diminished  force,  and  a 
longer  column  becomes  necessary  in  order  to  compensate  for  this 
diminution  of  downward  pressure.  Now  let  us  conceive  the  par- 
ticles of  the  elevated  column  of  liquid  to  be  arranged  as  a  series 
of  contiguous  concentric  cylinders :  the  particles  of  the  outermost 
cylinder  are  sustained  laterally  by  adhesion  to  the  tube,  those  of 
the  next  cylinder  are  hung  on  to  these,  if  the  expression  may  be 
allowed,  and  supported  solely  by  cohesion  with  their  fellows ; 
those  of  the  third  cylinder  are  hung  on  to  the  particles  of  t&e 
second,  and  so  on,  till  we  reach  the  central  rod  of  particles.  The 
surface  of  the  liquid  is  in  consequence  necessarily  curved ; — the 
outer  cylinder,  or  the  portion  of  liquid  in  contact  with  the  tube 
standing  at  the  highest  point.  Now  since  adhesion  is  confined 
to  the  superficial  layer,  and,  between  the  same  substances,  is, 
caateris  paribus,  constant  in  quantity  for  an  equal  extent  of  sur- 
face, the  wider  the  tube  the  shorter  will  be  the  column  sustained, 
as  the  contents  of  the  column  raised  by  cohesion  increase  more 
rapidly  than  the  surface  of  the  cylinder.  The  height  of  the  col- 
umn is  found  to  be  inversely  as  the  diameter  of  the  tube. 

(51)  Variations  m  Camltoriby. — The  elevation  of  the  column 
of  licmid  in  tubes  of  equal  diameter  varies  with  the  nature  of  the 
liquid,  the  variation  depending  partly  on  the  difference  of  cohe- 
sion between  the  particles  of  the  liquid,  partly  upon  the  difference 
of  adhesion  between  the  liquid  and  the  glass.    In  consequence  of 
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the  decrease  of  both  these  forces  by  heat,  the  height  of  the  column 
diminishes  as  the  temperature  rises. 

The  following  table  from  the  experiments  of  Frarikenheim, 
showB  the  height  at  which  the  different  liquids  enumerated  stand, 
at  32°  F.  in  a  tube  1  millimetre  in  diameter,  (about  7'7  of  an  inch,) 
with  the  coefficient  of  correction  for  temperature,  which  multi- 
plied by  ty  the  number  of  degrees  centigrade  above  0°  0.,  gives 
the  amount  to  be  deducted  in  millimetres  from  the  number  in 
column  3,  in  order  to  find  the  height  of  the  capillary  column  at 
the  temperature  required. 


Liquidated. 


Sptciflo 

"SI." 


Height  In 

millimetre! 

of  the 

capillary 

column. 


Height  of 
the  oolamn 

in 
thousandths 

of  en  inch. 


Coefficient 

for  correction  for 

Temperature. 


Water 

Acetio  Add... 

Sulphurio  Acid 

Oil  of  Lemons 

Oil  of  Turpentine.... 
Alcohol  (dilate) 

Alcohol 

Ether 

Bisulphide  of  Carbon 


1-0000 
1-0522 

1-8400 

0*8880 
0-8902 
0-9274 

08208 

0-7870 
1-2900 


15-886 
8*510 

8*400 

7-28 
6-76 
6-41 

605 

5-40 
5-10 


604 
855 

881 

285 
266 
242 

288 

218 
201 


0-02875* 

0-0097* 
j  0-0158*+ 
(0-000094** 

0-01744 

00167* 

0-0120* 
( 0-0116*+ 
\  0-000051** 

0-0254* 

0-0101* 


(52)  Capillary  Depression  of  Mercury. — In  liquids,  such  as 
mercury,  where  the  force  of  cohesion  preponderates  over  their 
tendency  to  adhere  to  tho  sides  of  the  tube,  the  capillary  action 
is  reversed ;  the  surface  becomes  convex  instead  of  concave,  and 
the  height  of  the  column  within  the  tube  is  depressed  below  the 
general  level.  In  a  mass  of  liquid,  each  particle  is  maintained 
in  its  place  by  the  mutual  attraction  of  all  the  surrounding  ones ; 
but  if  a  column  be  isolated  from  the  mass  of  liquid  by  the  inter- 
position of  the  walls  of  the  tube,  the  sides  of  which  exert  little  or 
no  equivalent  adhesive  force,  the  cohesion  of  the  mass  below 
draws  down  the  upper  particles,  and  produces  a  depression  of  the 
column.  This  depression  of  mercury  in  glass  renders  a  certain 
correction  -necessary  in  reading  off  the  height  of  the  mercurial 
column  in  the  barometer,  which  always  stands  a  little  lower  than 
the  elevation  due  to  the  atmospheric  pressure.  The  narrower 
the  bore  of  tlie  tube  the  greater  is  the  depression*.  Experiment 
has  shown  that  this  capillary  depression  is  nearly  one-half  less  in 
tubes  that  have  had  the  mercury  boiled  within  them,  than  in  un- 
boiled tubes,  as  the  process  of  boiling  expels  the  film  of  air,  which 
adheres  to  the  glass  m  unboiled  tubes.  By  employing  a  tube  of 
f  or  £  an  inch  m  the  bore,  this  correction  becomes  so  trifling  that 
it  may  be  neglected.  In  a  tube  of  J  of  an  inch  in  diameter,  in 
which  the  mercury  has  been  boiled,  the  depression  is  0*02  inch, 
while  with  a  similar  tube  of  J  an  inch  in  diameter  it  is  only  0*008. 
The  capillary  depression  of  mercury  is  slightly  increased  by  ele- 
vation of  temperature. 
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In  reading  off  the  level  of  mercury  in  a  barometer,  or  in  a 

graduated  jar  used  for  the  meas- 
Fig.  25.  urement  of  gases,  the  height  of 

the  metal  should  be  taken  from 
the  convexity  of  the  curve ;  but 
in  estimating  the  volume  of  a 
*  liquid  which  wets  the  surface  of 
the  glass,  the  determination 
should  always  be  made  from  the 
bottom  of  the  curve.  The  lines 
™  aaybb,  fig.  25,  indicate  the  points 
in  the  two  cases. 
(53)  Importance  of  CapiUwry  Actions. — Capillary  action  plays 
an  important  part  in  the  operations  of  nature,  and  in  a  variety 
of  ways  has  been  rendered  subservient  to  the  wants  of  man.  A 
familiar  illustration  of  its  employment  is  seen  in  the  wicks  of 
lamps  and  candles,  which,  being  composed  of  a  bundle  of  fibrous 
materials,  furnish  nair-like  channels  by  which  the  oil  or  melted 
combustible  is  elevated  to  the  flame,  and  supplied  as  fast  as  it  is 
consumed.  Capillary  action  influences  the  circulation  of  the 
liquids  in  the  porous  tissues  of  organized  beings,  and  it  is  the 
principal  mode  m  which  water,  with  the  various  substances  which 
it  holds  in  solution,  is  supplied  to  the  roots  of  growing  plants. 
By  its  means,  during  the  droughts  of  summer,  fresh  supplies  of 
moisture  are  raised  towards  the  surface,  for  tne  maintenance  of 
vegetable  life ;  and  in  the  same  way,  when  during  winter  the 
surface  is  hard  bound  by  a  long  dry  frost,  water  is  constantly 
finding  its  way  from  beneath,  is  solidified  upon  the  surface,  and 
remains  stored  up  until  a  thaw  ensues ;  when  this  occurs,  the  ac- 
cumulated moisture  mellows  the  soil  and  produces  the  well-known 
soft  and  plashy  state  of  the  ground  which  follows  long-continued 
frosts,  and  which  extends  deeper,  the  longer  the  duration  of  the 
freezing  temperature,  although  neither  snow  nor  rain  may  have 
fallen.  Few  persons  are  aware  of  the  immense  force  whicn  may 
be  developed  by  capillary  action ;  if  a  plug  of  dried  wood  be  fitted 
into  a  strong  glass  tube,  and  the  end  of  the  plug  be  immersed  in 
water,  tie  wood  becomes  swelled  by  the  imbibition  of  liquid  ow- 
ing to  capillary  action,  and  the  tube  is  split.  In  some  parts  of 
Germany  this  force  is  turned  to  account  in  splitting  millstones 
from  the  rock :  holes  are  bored  into  its  substance  in  the  direction 
in  which  it  is  to  be  split,  and  into  these  holes  wedges  of  dry  wood 
are  driven  tightly ;  when  exposed  to  moisture  they  swell,  and 
large  blocks  of  stone  are  thus  detached  with  little  labour  or 
expense. 

A  curious  illustration  of  the  action  of  the  combined  forces  of 
cohesion  and  adhesion,  in  overcoming  the  force  of  gravity,  is 
afforded  by  the  following  experiment: — Procure  a  small  cylinder 
of  fine  copper-wire  gauze,  about  3  inches  high  and  2  inches  wide, 
closed  also  above  and  below  with  the  same  material,  and  furnished 
with  a  stout  wire  to  servo  as  a  handle :  plunge  it  under  water ; 
considerable  difficulty  will  be  experienced  in  expelling  the  air, 
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owing  to  the  formation  of  a  film  of  moisture  over  its  surface, 
which,  by  the  cohesion  of  the  liquid  particles  composing  it  and 
by  its  adhesion  to  the  wire  gauze,  prevents  the  escape  or  the  air ; 
when  about  half  filled  with  water,  lift  the  cylinder  out  of  the 
liauid — the  liquid  will  be  securely  retained :  water  may  even  be 
allowed  to  fall  in  a  gentle  stream  upon  the  top  of  the  gauze,  when 
it  will  pass  through  and  run  out  below,  without,  however,  affect- 
ing the  quantity  of  liquid  within ;  but  by  giving  the  handle  a 
slight  jerk,  the  nlm  of  liquid  which  supported  the  pressure  of  the 
atmosphere  will  be  broken,  and  the  water  will  then  immediately 
escape. 

(54)  Influence  of  Surface  on  Adhesion. — As  adhesion  takes 
place  solely  between  the  surface  of  bodies,  it  is  evident  that  any 
circumstance  which  increases  the  extent  of  that  surface  must 
materially  facilitate  the  exertion  of  this  force.  Minute  subdivi- 
sion, by  thus  increasing  the  extent  of  surface,  greatly  exalts  the 
effect  of  adhesion : — for  example,  a  cube  of  1  inch  in  the  side  ex- 
poses a  surface  of  6  square  inenes,  i.e.y  there  is  a  square  inch  upon 
each  of  its  6  faces ;  if  this  cube  be  subdivided  into  a  number  of 
smaller  cubes,  each  of  which  is  only  TZ\V  of  an  inch  in  the  side, 
it  would  furnish  1,000,000,000  of  these  minute  cubes.  Now  as 
each  little  cube  has  6  sides,  the  surface  which  it  will  expose 
is  Tjzizw  of  a  square  inch,  or  1,000,000  of  them  will  expose  6 
square  inches ;  that  is,  as  much  surface  as  a  solid  cube  of  an  inch 
in  the  side:  the  1,000,000.000  cubes  will  consequently  expose 
1000  times  as  great  a  surface,  or  upwards  of  41*6  square  feet. 
The  force  of  adhesion,  therefore,  by  such  a  subdivision,  should  be 
increased  somewhat  in  this  proportion. 

The  influence  of  this  kind  of  subdivision  in  exalting  the  effect 
of  adhesion  is  strikingly  exhibited  in  the  case  of  charcoal  The 
structure  of  the  wood  from  which  the  charcoal  is  procured  is  cel- 
lular :  when  heated  in  vessels  from  which  air  is  excluded,  the 
volatile  constituents  of  the  wood  are  expelled ;  and  the  charcoal, 
which  does  not  fuse,  remains  behind  in  a  very  porous  condition, 
retaining  the  form  of  the  wood  which  furnished  it.  Mitscherlich 
calculates  that  the  cells  of  which  a  cubic  inch  of  box-wood  is 
formed  expose  a  surface  of  not  less  than  73  square  feet. 

Adhesion  occurs  between  charcoal  and  other  bodies  with  de- 
grees of  force  that  vary  very  much.  For  the  colouring  matters 
of  vegetable  and  animal  origin  this  adhesion  is  extremely  ener- 
getic ;  so  that  if  these  bodies  be  dissolved  in  any  liquid  and  agi- 
tated with  charcoal,  nearly  the  whole  of  the  colouring  matter  will 
be  retained  by  the  charcoal,  and  on  separating  the  latter  by 
filtration,  the  liquid  will  run  through  colourless.  Ordinary  vin- 
egar, ana  port-wine  may  thus  be  obtained  in  a  colourless  condi- 
tion. Advantage  is  taken  of  this  fact  in  the  refining  of  sugar,  in 
which  process  the  syrups  are  deprived  of  colour  oy  filtration 
through  a  column  of  charcoal  12  or  13  feet  in  thickness.  The 
species  of  charcoal  which  is  most  extensively  employed  for  this 
purpose  is  that  obtained  by  burning  bones  in  closed  vessels ;  and 
it  is  hence  termed  bone  Mack,  or  ivory  Mack,  or  frequently  arwrnal 
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charcoal.  The  charcoal  is  in  this  case  in  a  state  of  extreme  sab- 
division  ;  it  does  not  constitute  above  a  tenth  or  a  twelfth  of  the 
weight  of  the  mass ;  the  remainder  consists  of  earthy  matters, 
chiefly  phosphate  and  carbonate  of  calcium.  When  bone  black 
has  been  used  for  filtering  liquids,  and  has  ceased  to  take  up  any 
mote  colouring  matter,  it  is  thrown  aside  and  allowed  to  ferment : 
if  then  it  be  well  washed,  and  re-burned,  it  may  be  used  again 
with  nearly  equal  effect  Other  animal  matters,  especially  dried 
blood,  furnish,  when  calcined  and  well  washed,  a  charcoal  which 
is  still  more  efficacious.  The  addition  of  carbonate  of  potassiuni 
to  the  mass  before  calcination,  still  further  increases  the  discolor- 
izing  power. 

Many  other  matters  besides  those  possessed  of  colouring  prop- 
erties have  likewise  this  peculiarity  of  adhering  strongly  to  char- 
coal. Graham  has  shown  that  metallic  oxides  in  solution  in  pot- 
ash or  ammonia,  arsenious  acid  in  water,  and  bodies  generally  of 
feeble  solubility,  possess  this  property;  a  variety  of  vegetable 
matters,  and  especially  the  bitter  principles,  are  thus  affected.  If 

Sorter  be  agitated  with  charcoal  and  filtered,  it  will  not  only  be 
eprived  of  colour,  but  also  of  much  of  its  bitterness.  It  was  for- 
merly the  practice,  after  the  active  principles  of  medicinal  plants 
had  been  separated  from  the  woody  fibre  and  most  of  the  extra- 
neous matters  with  which  they  are  associated,  to  free  them  from 
the  colouring  matters  with  which  they  were  contaminated,  by  di- 
gestion with  animal  charcoal ;  so  large  a  proportion  of  the  active 
principles  themselves,  however,  was  found  to  be  retained  by  the 
charcoal,  that  the  plan  was  abandoned.  In  consequence  of  this 
property,  animal  charcoal  has  been  administered  with  good  effect 
in  some  instances  of  poisoning  with  vegetable  matters :  in  such 
cases  it  can  never  be  unsafe,  and  may  often  be  of  great  value.  I 
have  found  that  very  dilute  aqueous  solutions  of  salts  of  lead  are 
decomposed  by  filtration  through  a  column  of  animal  charcoal : 
the  nitrate,  the  acetate,  and  the  chloride  of  lead  part  with  their 
metallic  base  which  is  retained  by  the  charcoal,  probably  as  a 
basic  salt ;  whilst  free  nitric,  acetic,  or  hydrochloric  acid  is  found, 
in  the  filtered  liquid. 

Many  finely  divided  substances  besides  charcoal,  such  as  hy- 
drated  oxide  of  iron  and  alumina,  hydrated  sulphide  of  antimony, 
hydrated  phosphate  of  calcium,  as  well  as  iodide  and  sulphide  or 
lead  when  fresnly  precipitated,  also  exert  powerful  decolorizing 
actions.  The  decolorizing  power  varies  for  each  substance  with 
the  nature  of  the  colouring  principle :  thus  tincture  of  litmus 
yields  its  colouring  matter  more  readily  to  phosphate  of  calcium, 
and  to  hydrated  oxide  of  iron,  than  it  does  to  animal  charcoal 
freed  from  phosphate  of  calcium  by  the  action  of  acids.  On  the 
other  hand,  the  colouring  matter  of  red  wine  and  of  molasses  is 
mo/e  readily  absorbed  by  animal  charcoal  than  it  is  by  hydrated 
phosphate  of  calcium,  or  oxide  of  iron.  (Filhol,  Ann.  de  CMmiey 
III.  xxxv.  208). 

(55)  Solution. — Adhesion  is  frequently  manifested  between 
solids  and  liquids  with  sufficient  force  to  overcome  the  power  of 
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cohesion,  and  the  substance  is  then  said  to  "become  dissolved,  or  to 
undergo  solution.  In  this  manner  sugar  or  salt  is  dissolved  by 
water,  camphor  or  rosin  by  spirit  of  wine,  lead  or  silver  by  mer- 
cury. Anything  that  weakens  the  force  of  cohesion  in  the  solid 
favours  solution.  Thus,  if  the  substance  be  powdered,  it  becomes 
dissolved  more  quickly,  both  from  the  larger  extent  of  surface 
which  it  exposes,  and  from  the  partial  destruction  of  cohesion.  In 
the  same  way,  heat,  by  increasing  the  distance  between  the  par- 
ticles of  the  solid,  lessens  its  cohesion,  and  probably  thus  contrib- 
utes so  powerfully  to  assist  in  producing  solution.  If  a  solid  body 
be  introduced  in  successive  portions  into  a  quantity  of  a  liquid 
capable  of  dissolving  it,  the  nrst  portions  disappear  rapidly,  and 
as  each  succeeding  quantity  is  adaed,  it  is  dissolved  more  slowly, 
until  at  length  a  point  is  reached  at  which  it  is  no  longer  dissolved. 
When  this  occutb,  the  force  of  cohesion  balances  that  of  adhesion, 
and  the  liquid  is  said  to  be  saturated.  It  is  important  to  remark, 
that  in  cases  of  simple  solution,  the  properties  both  of  the  solid 
and  of  the  liquid  are  retained.  Syrup,  for  instance,  retains  the 
sweetness  of  the  sugar  and  the  liquid  form  of  water.  So,  when 
camphor  is  dissolved  in  spirit  of  wine,  the  resulting  tincture  par- 
takes of  the  properties  or  both,  having  the  smell  and  taste  both 
of  camphor  and  of  spirit.  Solution  is,  in  this  respect,  distinguish- 
ed broadly  from  those  cases  in  which  a  solid  disappears  under  the 
influence  of  a  liquid  owing  to  the  exertion  of  a  chemical  force  be- 
tween the  particles  of  the  two  bodies ;  as  when  copper  is  dissolved 
by  nitric  acid,  or  iron  by  sulphuric  acid.  Solution  usually  occurs 
more  readily  when  the  solvent  and  the  body  dissolved  present 
some  general  resemblance  in  properties :  thus,  mercury  dissolves 
many  of  the  metals,  alcohol  dissolves  resins,  oils  dissolve  fatty 
bodies  and  each  other.  In  cases  of  chemical  action,  on  the  other 
hand,  that  action  is  most  energetic  between  bodies  the  properties 
of  which  are  most  widely  different ;  the  metals,  for  example,  are 
dissolved  by  acids,  oils  by  the  alkalies,  and  silica,  if  melted  with 
potash  or  soda,  becomes  soluble  in  water.  The  extent  to  which 
different  solids  are  dissolved  by  the  same  liquid  varies  almost  in- 
definitely. In  water,  sulphate  of  barium  is  almost  absolutely  in- 
soluble ;  sulphate  of  calcium  or  gypsum  is  soluble  in  the  propor- 
tion of  about  1  part  in  700  of  water ;  sulphate  of  potassium  in 
about  1  part  in  16 ;  while  sulphate  of  magnesium  may  be  dissolved 
to  the  extent  of  2  parts  of  the  crystals  in  3  of  water.  It  should 
be  observed  that  water,  after  it  has  been  saturated  with  one  salt, 
will  still  continue  freely  to  dissolve  others. 

Many  substances  in  which  the  cohesion  amongst  their  particles 
is  weak  are  extensively  soluble  in  water,  though  they  have  but 
little  adhesion  to  it.  ouch  substances  will  often  be  displaced  by 
adding  a  solution  of  another  body  which  adheres  more  strongly  to 
water.  Prussian  blue,  for  example,  is  dissolved  by  distilled  wtfter 
which  has  been  acidulated  with  oxalic  acid ;  but  it  is  precipitated 
by  adding  a  solution  of  common  salt,  or  of  sulphate  of  sodium, 
and  the  blue  compound  subsides  on  standing,  leaving  a  clear 
colourless  liquid  above  it. 
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Although  in  the  majority  of  instances  the  solubility  of  a  sab 
stance  is  increased  by  heat,  it  is  not  uniformly  so.  lime  and 
several  of  its  salts  offer  remarkable  exceptions.  Water  just  above 
the  freezing  point  dissolves  nearly  twice  as  much  lime  as  it  does 
when  boiling ;  so  that  if  water,  saturated  with  lime  in  the  cold, 
be  heated,  it  becomes  milky,  and  recovers  its  transparency  as  it 
cools.  Sulphate  of  calcium  is  also  slightly  more  soluble  in  water 
at  about  100°  F.  than  it  is  in  boiling  water.  A  compound  of 
lime  and  sugar,  very  soluble  in  cold  water,  is  separated  from  the 
solution  almost  completely,  if  heated  to  .boiling.  But  the  most 
remarkable  case  of  tne  kind  occurs  in  sulphate  of  sodium :  this 
salt  (Glauber's  salt  of  commerce)  when  crystallized  requires  about 
10  times  its  weight  of  ice-cold  water  for  solution,  and  its  solubility 
increases  rapidly  as  the  temperature  rises,  until  it  reaches  91°  F. : 
from  this  point  until  the  solution  boils,  tne  solubility  decreases : 
so  that  when  a  portion  of  the  liquid  saturated  at  91°  is  heated 
more  strongly  without  allowing  the  water  to  evaporate,  hard  gritty 
crystals  are  deposited,  ana  the  liquid  when  it  boils  retains  only 
about  I  of  the  quantity  which  was  dissolved  at  91°.  Seleniate 
of  sodium  exhibits  the  same  peculiarity;  as  also  does  sulphate  of 
iron,  although  in  a  less  degree.  These  anomalous  results  may  be 
partly  explained  by  the  consideration,  that  heat  diminishes  the 
force  of  adhesion  as  well  as  that  of  cohesion  :  generally  speaking, 
cohesion  is  the  more  rapidly  diminished  of  the  two,  although  not 
uniformly  so ;  and  in  the  cases  of  which  we  are  now  speaking,  it 
would  appear  that  the  adhesive  force  decreases  in  a  greater  ratio 
than  the  cohesion  of  the  saline  particles.  An  important  observa- 
tion in  relation  to  this  subject  has  been  made  upon  the  composi- 
tion of  the  salts  just  mentioned,  which  have  been  found  to  un- 
dergo a  change  at  a  temperature  below  that  of  boiling  water :  at 
the  temperature  of  the  air,  these  salts  contain  a  certain  quantity 
of  water,  known  as  water  of  crystallization  :  but  this  water  is 
either  wholly  or  partially  expelled  from  the  crystals  at  a  boiling 
heat  The  hard  crystals  of  sulphate  of  sodium  which  are  depo- 
sited during  the  heating  of  the  saturate^  solution  contain  no 
water.  The  supersaturation  of  saline  solutioms  has  been  made 
the  subject  of  an  elaborate  series  of  researches  by  Lowel.    In  the 


crystalline  forms, : 
which  it  is  generally  united  with  a  different  quantity  of  water  of 
crystallization.  Sulphate  of  sodium,  for  example,  may  be  ob- 
tained in  three  different  forms — viz.,  1,  the  anhydrous  salt 
fiNa,#04);  2,  a  hydrate  with  YH,0;  and  3,  a  hydrate  with 
1011,0.  Each  of  these  varieties  has  its  specific  solubility,  which 
differs  from  the  solubility  of  the  other  varieties  of  the  same  salt. 
It  is,  therefore,  possible  to  have  two  or  more  solutions  of  the  same 
salt  at  the  same  temperature,  each  of  which  shall  be  saturated, 
and  jet  each  of  which  shall  contain,  in  equal  weights,  different 
quantities  of  the  salt,  when  reduced  to  its  anhydrous  condition — 
tne  variation  depending  upon  differences  in  the  molecular  ooa- 
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stitution  of  the  salt.  Carbonate  of  sodium  (Ns^COX  besides  its 
ordinary  form  with  1011,0,  crystallizes  in  two  different  forms, 
each  of  which,  singular  to  say,  contains  7H,0 ;  but  the  solubility 
of  these  two  varieties  is  different ;  and  a  similar  observation  has 
been  made  in  the  case  of  sulphate  pf  magnesium. 

Diffusion  of  Liquids. 

(50)  Adhesion  between  Liquids. — In  the  majority  of  instances 
adhesion  between  dissimilar  liquids  is  very  perfect ;  and,  from  the 
complete  mobility  of  the  particles,  the  two  liquids  become  per* 
fectly  incorporated.  A  drop  of  alcohol  or  of  oil  of  vitriol  may  be 
perfectly  mixed  with  a  quart  or  any  other  quantity  of  water ;  or 
a  drop  of  water  with  a  quart  of  alcohol  or  of  oil  of  vitriol.  There 
are  instances,  however,  in  which  this  perfect  solution  does  not 
take  place :  the  cohesion  of  the  particles  of  the  two  liquids  may, 
at  a  certain  point,  balance  their  adhesion  for  each  other,  and  they 
will  become  mutually  saturated.  For  this  reason,  when  ether  is 
mixed  with  water  by  agitation,  the  greater  part  will  separate  on 
allowing  the  mixture  to  repose :  the  ether  will  have  dissolved  i 
or  Ty  of  its  bulk  of  water,  and  the  water  will  have  taken  up  about 
an  equal  proportion  of  ether..  In  a  similar  way  the  essential  oils 
are  soluble  only  to  a  very  small  extent  in  water ;  oil  of  pepper- 
mint, for  instance,  if  agitated  with  water,  and  then  left  to  rest, 
will,  for  the  most  part,  separate,  although  a  sufficient  quantity  will 
have  been  dissolved  to  communicate  the  flavour  and  odour  of  the 
essence  to  the  water.  In  other  instances,  the  separation  of  the 
two  liquids,  as  when  oil  and  water  are  mingled,  appears  to  be 
complete. 

W  hen  chloroform  is  dropped  into  distilled  water  it  gradually 
sinks,  and  the  drops  preserve  their  rounded  outline:  but  if  a  drop 
or  two  of  an  alkaline  solution  be  added,  the  surface  of  the  chloro- 
form becomes  flattened ;  and  it  resumes  its  rounded  character  on 
X'n  adding  a  few  drops  of  an  acid.  This  experiment  shows 
t  slight  circumstances  may  modify  the  cohesive  powers  of  a 
liquid,  and  its  degree  of  adhesion  to  others ;  the  adhesion  of  water 
to  chloroform  being  increased  by  the  addition  of  an  alkali,  and 
being  again  diminished  by  neutralizing  the  alkali. 

(57)  Cohesion  PUjwres. — A  curious  illustration  of  the  struggle 
between  the  forces  of  cohesion  and  adhesion  is  exhibited  in  the 
phenomena  of  cohesion  figures,  to  which  attention  has  lately  been 
drawn  by  Tomlinson.  (Phil.  Mag.,  Oct.  1861,  and  March,  1862.] 
These  phenomena  may  be  best  examined  by  allowing  a  drop  oi 
some  liquid  sparingly  soluble  in  water,  sucn  as  kreasote,  or  one 
of  the  essential  oils,  to  be  deposited  gently  upon  the  surface  of 
clean  water  in  a  wide  glass  vessel  perfectly  free  from  grease  :*  the 
adhesion  of  the  drop  to  the  surface  of  the  water  will  cause  it  to 
spread  out  into  a  film,  but  the  cohesion  of  the  particles  composing 

*  Hie  best  way  to  secure  this  is  to  rinse  out  a  glass,  to  ordinary  appearance  clean! 
with  a  few  drops  of  oij  of  vitriol,  which  must  be  allowed  to  flow  oyer  the  entire  surface, 
then  to  wash  the  glass  out  with  abundance  of  clean  water,  not  touching  the  inside  either 
whh  the  fingers  or  a  doth. 
5 
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the  drop  immediately  produces  a  reaction ;  if  oil  of  lavender  be 
used,  the  film  opens  in  a  number  of  places,  producing  a  worn*- 
eaten  pattern,  resembling  that  shown  in  Fig.  26.    The  arms  of 

_      tP 

this  figure  tend  to  gather  themselves  up  into  separate  smaller 
drops,  the  adhesion  of  the  water  spreads  them  out  again,  then  the 
cohesion  of  the  oil  reacts  against  tuis,  and  soon  prevails,  the  con- 
sequence being  the  speedy  formation  of  the  original  drop  into  a 
number  of  discs,  with  sharp,  well-defined  outlines  and  convex 
surfaces.  This  action  is  often  so  rapid  that  it  requires  a  quick  eye 
to  follow  all  the  changes. 

Now  it  appears  that  every  liquid  has  its  own  peculiar  figure, 
by  which  it,  indeed,  may  often  be  easily  distinguished  from  other 
liquids.  These  figures  are  usually  more  or  Use  permanent,  accord- 
ing as  the  liquid  under  trial  is  lees  or  more  soluble  in  water.  The 
more  soluble  the  liquid,  the  more  quickly  does  the  figure  disap- 
pear. The  figure  of  kreasote  will  last  for  five  minutes ;  that  of 
ether,  or  of  alcohol,  but  for  the  fraction  of  a  second.  These  figures 
are  often  extremely  beautiful ;  they  are  usually  altered  when  two 
liquids  are  mingled  with  each  other ;  and,  in  many  cases,  a  prac- 
tised eye  can,  by  the  form  of  the  figure  produced,  detect  with 
certainty  the  nature  of  the  substance  which  has  been  added  to 
the  original  liquid.  Indeed,  it  appears  to  be  very  probable  that 
this  fact  may  be  extensively  useful,  as  affording  a  rapid  means  of 
judging  approximatively  of  the  purity  of  such  bodies  as  the  essen- 
tial oils,  many  of  which  are  often  largely  adulterated  with  the 
fixed  oils,  or  still  more  often  with  oil  of  turpentine.  Fig.  27  shows 
the  appearance  exhibited  by  kreasote :  fig.  28,  of  pure  ether ; 
fig.  29,  of  alcohol.  Indeed,  the  films  of  fixed  oils  also  have  char- 
acters perfectly  distinguishable.      Sperm,  fig.  30,  and  colza, 
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fig.  81,  each  have  their  own  cohesion  figures;  and  Tomlinson 
considers  that  it  would  be  easy  for  any  one  to  detect  a  mixture 


Fie.  29. 


Fig.  80. 


of  the  two  by  the  appearance  of  the  film  produced  by  a  drop  of 
such  a  mixture,  the  result  being  such  as  is  shown  in  fig.  32. 

(58)  Diffusion  of  Liquids.— U  two  liquids  susceptible  of  per- 
manent admixture  with  each  other,  but  of  different  densities,  be 


Fig.  81. 


Fig.  82. 


■m&^&e&b- 


Fig.  84. 


placed  in  the  same  vessel,  they  will  gradually  become  intermixed : 

thus,  if  a  tall  jar  be  filled  with  the  blue  infusion  of  litmus  for 
about  two-thirds  of  its  capacity,  and,  by  means 
Fig.  $8.  of  a  long  funnel,  as  shown  in  fig.  33,  a  quantity 

of  oil  of  vitriol  be  cautiously  poured  in,  so  as  to 
occupy  the  lower  portion  of  the  jar,  it  will  be 
found,  after  the  lapse  of  two 
or  three  days,  that  the  acid 
has  become  diffused  through 
the  liquid,  which  will  conse- 
quently have  assumed  a  red 
color  throughout.  If  watch- 
ed at  intervals,  the  progress 
of  the  mixture  may  be  traced 
by  the  gradual  change  of 
colour  from  below  upwards. 
Graham  in  his  researches 
upon  this  subject  employed 
a  very  simple  apparatus  (fie;. 

MJ,  for  measuring  the  rate  at  which  this  diffusion  takes  place. 

His  experiments  were  performed  principally  upon  solutions  of 
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saline  bodies,  which  were  allowed  to  diffuse  into  water.  A 
number  of  small  jare,  of  equal  capacity  (about  4  oz.  each)  were 
prepared,  with  the  necks  ground  to  a  uniform  aperture  of  1*24 
inches  in  diameter;  into  these  jars  the  trial  solutions  were 
poured,  to  within  half  an  inch  of  the  top ;  the  jars  were  then 
tilled  up  with  pure  water.  Thus  charged,  each  jar  was  closed  by 
a  glass  plate,  and  placed  in  a  cylindrical  vessel  containing  about 
20  oz.  of  distilled  water,  the  month  of  the  solution  jar  being  at 
least  one  inch  below  the  surface  of  the  water  in  the  exterior 
vessel.  The  glass  plate  was  then  cautiously  removed.  The 
apparatus  was  afterwards  set  aside  in  an  undisturbed  place,  and 
maintained  at  a  steady  temperature  for  several  days.  After  a 
sufficient  lapse  of  time,  the  mouth  of  the  solution  jar  was  again 
closed  with  a  plate  of  glass,  and  the  vessel  withdrawn  from  the 
large  jar.  The  water  in  the  outer  jar  was  evaporated,  and  the 
salt  that  had  passed  into  it  was  easily  determined  by  weight. 
{Phil.  Trans.,  1850.) 

(59)  Laws  of  Diffusion  of  Liquids. — From  these  experiment* 
several  important  conclusions  have  been  deduced : — 

1.  It  is  found  that  by  employing  solutions  of  the  same  sub- 
stance, but  of  different  degrees  of  strength,  the  quantities  of  the 
substance  diffused  in  equal  times  are,  ceteris  paribus,  propor- 
tioned to  the  quantity  in  the  solution.  For,  example,  four  diffor- 
ent  'solutions  of  common  salt,  in  water,  were  prepared,  contain- 
ing respectively  1,  2,  3,  and  4  j>arts  of  salt  to  100  parts  of  water. 
In  eight  days'  time  the  quantities  diffused  were,  in  the  first  solu- 
tion, 2*78  grains ;  in  the  second,  5*54  grains,  or  just  double  the 
amount ;  in  the  wird,  8*37  grains,  or  three  times  the  quantity ; 
and  in  the  fourth,  11*11  grains,  or  almost  exactly  four  times  the 
amount  diffused  from  the  first  solution. 

2.  No  direct  relation  is  observable  between  the  specific  grav- 
ity of  a  solution  and  its  divisibility,  but  the  quantities  of  the 
substance  diffused  from  solutions  containing  equal  weights  of 
different  bodies  vary  with  the  nature  of  the  substance,  as  will  be 
seen  by  reference  to  the  following  table.  The  solutions  in  each 
case  contained  20  parts  of  the  solid,  dissolved  in  100  parts  of 
water,  and  we*p  exposed  for  eight  days  at  a  temperature  of  60o,5. 

Diffusibitity  of  Solids  in  Solution. 


Substances  used. 

8p.  gr.  of  eolation 
«t  60*. 

Weight  In  gtmliM 
dillaMd. 

ffhlnrirte  of   Sodium  .t...M.f,r... 

M266 

1185 

1120 

1106 

1-070 

1-066 

1-061 

1-069 

1-060 

1-068 

68-68 
27*42 
61-66 
69-82 
26-74 
26*21 
26-94 
82-56 
18-24 
808 

Sulphate  of  Magnesium,  t .  T  T  - . . ,  t  -  - 

Nitrate  of  Sodium *..... 

Sulphuric  Acid 

Sugar  Candy. ...... ...... 

Barley  Sugar... 

Starch  Sugar.,,T -T, »,--.. ,tTTrT-tT 

Treacle  (or  Cane  Sugar) . , 

flnm  Arabic. ...... ............  .... 

Alhnmfln 
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The  extreme  slowness  with  which  albumen  becomes  diffused 
is  remarkable ;  and  is  no  doubt  connected  with  its  functions  in 
the  animal  system,  where  it  is  present  so  abundantly  in  the  serum 
of  the  blood  and  in  other  important  liquids. 

On  comparing  together  the  times  in  which  different  sub- 
stances are  diffused  m  equal  quantities,  some  remarkable  nu- 
merical relations  were  discovered,  and  a  close  parallelism  was 
observed  to  hold  between  the  phenomena  of  liquid  diffusion  and 
those  which  accompany  the  diffusion  of  gases  (B7). 

It  has  been  found  that  saline  substances  may  be  arranged  in 
groups,  the  members  of  each  group  being  equi-mffasive,  and  the 
rates  of  diffusion  in  each  group  being  connected  with  the  rate  of 
diffusion  of  the  other  groups  by  a  simple  numerical  relation. 
Isomorphous  salts — that  is,  salts  which  crystallize  in  the  same 
form,  and  which  have  an  analogous  chemical  composition — have 
generally  equal  rates  of  diffusion.  The  relations  of  the  most 
important  of  these  equi-diffusive  groups  may  be  pointed  out,  as 
follows : — 

The  first  group  contains  hydrochloric,  hydriodic,  and  hydro- 
bromic  acids ;  perhaps  also  nitric  acid.  These  acids  are  the  most 
diffusible  substances  Known.  The  second  group  contains  hydrate 
of  potash,  and  probably  ammonia.  The  tnird  group,  nitrate  of 
potassium,  nitrate  of  ammonium,  chloride,  bromide  and  iodide  of 
potassium,  muriate  of  ammonia,  and  chlorate  of  potassium.  The 
fourth,  nitrate,  chloride,  bromide  and  iodide  of  sodium.  Jhe  fifth, 
sulphate,  carbonate,  ana  ferrocvanide  of  potassium,  as  well  as  sul- 
phate of  ammonium ;  probably  also  the  neutral  and  acid  chro- 
mate,  acid  carbonate,  acetate  and  ferricyanide  of  potassium.  The 
sixth  group  contains  sulphate,  and  carbonate  of  sodium  ;  and  the 
seventn,  sulphate  of  magnesium,  and  sulphate  of  zinc. 

On  comparing  together  the  squares  of  the  times  in  which 
equal  quantities  of  these  different  salts  are  diffused,  these  num- 
bers exhibit  a  very  interesting  proportion  to  each  other,  which  is 
illustrated  by  the  following  table.  In  the  first  column  of  figures 
the  relative  divisibility  or  the  different  groups  is  given  as  com- 
pared with  the  hydrochloric  acid  group ;  the  second  shows  the 

Ratio  of  Liquid  Diffusion. 


Qroupa. 

Bate  of 
Dliftuion. 

Tim**  of  equal 
DUruBton. 

Ratio  of 
Squares  of  timet 
of  =  DUToelon. 

1.  Hydrochloric  Aoidt**Tt*.t*TTtr 

1-000 
0*800 
0-565 
0-462 
0*400 
0*326 
0-200 

8-960 
4-950 
7-000 
8-578 
9-900 
12125 
19*800 

2 

8 

6 

9 

12 

18 

48 

2_  Hydrate  of  Potash 

8.  Nitrate  of  Potaflftiain 

4.  Nitrate  of  Sodium 

5.  Sulphate  of  Potassium. 

6.  Sulphate  of  Sodium 

*l.  Sulphate  of  MagiiMfffainittTtfrtt 

times  required  for  the  diffusion  of  equal  weights  of  the  individuals 
composing  each  group ;  and  in  the  third  is  shown  the  ratio  of  the 
squares  of  those  times  of  equal  diffusion. 
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It  has  been  observed,  also,  that  in  the  cases  of  gases  (67),  the 
squares  of  the  times  required  for  the  diffusion  of  equal  volumes 
are  to  one  another  in  tne  inverse  ratio  of  their  densities.  And 
hence  it  has  been  inferred  by  analogy  that  the  molecules  of  these 
salts,  as  they  exist  in  solution,  possess  densities  which  are  to  each 
other  as  the  squares  of  their  times  of  equal  diffusion :  that,  for 
example,  the  solution  densities  of  hydrochloric  acid,  hydrate  of 
potassium,  and  nitrate  of  potassium,  are  as  2  :  3  :  6. 

All  experiments  on  the  diffusion  of  liquids  proceed  with 
greater  regularity  in  dilute  solutions :  as  the  liquid  approaches 
the  point  of  saturation  the  uniformity  of  action  is  interfered  with, 
by  tne  tendency  to  cohesion  of  the  particles  of  the  solid. 

3.  The  quantity  of  any  substance  diffused  from  a  solution  of 
uniform  strength  increases  as  the  temperature  rises :  for  example, 
the  rate  of  diffusion  of  hydrochloric  acid  increases  as  follows : — 

.  .  =  1 

.  .  =  1-3545 

.  .  =  17732 

.  .  =  2-1812 

.  Graham  supposed  from  his  early  experiments  that  the  ratio 
of  diffusion  between  different  bodies,  if  compared  at  the  same 
temperature,  remains  constant,  whatever  the  temperature  at 
which  the  comparison  is  made;  but  subsequent  experiments 
have  led*  him  to  the  conclusion,  that  the  more  highly  diffusive 
the  substance,  the  less  does  it  gain  in  diffusiveness  by  rise  of  tem- 
perature. 

4.  It  is  found  that  if  two  substances  which  do  not  combine 
chemically,  and  which  possess  different  degrees  of  diffusiveness, 
be  mixed  in  solution,  and  be  placed  in  a  diffusive  cell,  they  may 
be  partially  separated  by  the  process  of  diffusion,  the  more  diffu- 
sible one  passing  out  the  more  rapidly ;  the  salt  which  is  least 
soluble  having,  however,  its  diffusiveness  somewhat  reduced  in 
proportion  to  the  other.  Upon  this  fact  Graham  observes,  *  the 
mode  in  which  the  soil  of  the  earth  is  moistened  by  rain  is  pecu- 
liarly favourable  to  separation  by  diffusion.  The  soluble  salts  of 
the  soil  may  be  supposed  to  be  carried  down  together,  to  a  cer- 
tain depth,  by  the  first  portion  of  rain  which  falls,  while  they 
afterwards  find  an  atmosphere  of  nearly  pure  water  in  the  mois- 
ture which  falls  last,  and  occupies  the  surface  stratum  of  the 
soil ;  diffusion  of  the  salts  upwards,  with  its  separations  and 
decompositions,  must  necessarily  ensue.  The  salts  of  potash  and 
ammonia,  which  are  most  required  for  vegetation,  possess  the 
highest  difiusibilitv,  and  will  rise  first.  The  pre-eminent  diffusi- 
bifity  of  the  alkaline  hydrates  may  also  be  called  into  action  in 
the  soil  by  hydrate  of  lime,  particularly  as  quicklime  is  applied 
as  a  top-dressing  to  grass  lands.' 

In  some  cases  even  chemical  decomposition  may  be  effected 
bv  the  process  of  liquid  diffusion.  Thus,  if  a  solution  of  ordinary 
alum  (which*  is  a  compound  of  sulphates  of  potassium  and  alu- 
minum in  fixed  proportions)  be  placed  so  as  to  become  diffused 
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Fig.  35. 

1 


into  water,  the  sulphate  of  potassium  will  pass  out  more  rapidly 
in  proportion  to  the  quantity  present  than  the  sulphate  of 
aluminum. 

5.  Provided  that  the  liquids  be  dilute,  it  appears  that  one 
substance  will  become  diffused  into  water  already  containing  an- 
other body  in  solution,  just  as  into  pure  water. 

In  comparing  with  these  the  phenomena  of  gaseous  diffusion 
(67),  it  will  be  seen  how  closely  all  these*  points  coincide  in  the 
two  cases. .  . 

(60)  Osmose. — Intimately  connected  with  the  process  of  liquid 
diffusion  are  the  changes  which  occur  when  the  two  liquids  are 
separated  by  the  intervention  of  a  porous  diaphragm.  The 
phenomena  here  are,  however,  more  complicated,  from  the  part 
which  the  adhesion  of  the  two  liquids  to  tne  material  of  the  dia- 
phragm exercises  upon  the  result.  The  process  of 
mixture  will  ^o  on  in  this  case  notwithstanding  the 
direct  opposition  of  gravitation.  The  following  ex- 
periment exhibits  this  fact  in  a  striking  manner : — 
rrovide  a  funnel,  or  a  small  jar  (fig.  35),  open  at 
top  and  bottom,  and  furnished  with  a  long,  narrow 
stem  ;  over  the  open  mouth  of  the  jar  tie  a  piece  of 
moistened  bladder ;  fill  the  jar  and  a  portion  of.  the 
stem  with  spirit  of  wine  (or  with  a  solution  of  sugar 
in  water),  then  place  the  jar,  with  its  broad  end 
downwards,  in  a  shallow  vessel  containing  water, 
noting  the  height  at  which  the  spirit  or  the  solution 
stands  in  the  stem.  In  the  course  of  a  few  hours  the 
column  of  liquid  will  be  found  to  have  increased  in 
height,  and  if  sufficient  time  be  allowed,  it  will  have 
risen  to  the  top  of  the  tube,  and  will  at  length 
overflow.  This  phenomenon  h^s  been  explained  m  the  following 
manner: — 

Owing  to  its  greater  adhesion  to  water  than  to  spirit,  the 
bladder  is  easily  moistened  by  the  water  in  contact  with  its  lower 
surface,  whilst  the  spirit  above  wets  the  bladder  with  difficulty ; 
the  water  rises  into  the  bladder  by  capillary  attraction,  and  mis 
its  pores ;  it  thus  reaches  the  upper  surface,  where  it  comes  into 
contact  with  the  spirit;  a  true  liquid  diffusion  of  the  water 
through  the  spirit  then  commences  (owing  to  the  adhesion  be- 
tween the  two  liquids)  ;  a  fresh  portion  of  water  rises  from  below 
into  the  pores  of  the  bladder  to  supply  the  place  of  that  which 
has  been  removed,  and  thus  the  liquid  within  the  funnel  is  con- 
stantly increasing  in  bulk,  until  at  length,  even  in  opposition  to 
gravity,  the  liquid  overflows ;  this  jhwmg  m  of  the  liquid  was 
termed  by  Dutrochet,  who  first  particularly  examined  it,  endos- 
mosis  (from  evSov  inwards,  and  ixrfws  impulse.)  At  the  same 
time  that  this  action  proceeds  from  without  inwards,  a  very  small 
quantity  of  spirit  is  pasting  out  by  a  similar  process  into  the 
water  below,  and  this  flowing  out  of  the  vessel  is  designated 
exosmosis.  TJpon  this  view  the  essential  conditions  to  the  phe- 
nomenon are  tne  more  complete  adhesion  of  the  bladder  to  one. 
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liquid  than  to  the  other,  and  the  existence  of  a  certain  degree  of 
adhesion  between  the  two  liquids.  Whenever  these  conditions 
are  realized,  no  matter  what  the  liquids  may  be,  the  liquid  which 
most  freely  wets  the  membrane  passes  out  more  rapidly  than  the 
other  passes  in.  If  a  film  of  collodion,  which  is  more  easily  wet- 
ted by  alcohol  than  by  water,  be  substituted  for  the  bladder  in 
the  foregoing  experiment,  the  direction  of  the  osmose  will  be 
reversed,  ana  die  alcohol  will  pass  into  the  water  more  rapidly 
than  the  water  into  the  alcohol. 

The  foregoing  explanation,  although  it  is  probably  true  for 
the  particular  experiment  with  alcohol  and  water,  is  however  in- 
adequate to  explain  the  phenomenon  generally,  which  is  one  of 
continual  occurrence,  and  is  of  importance,  especially  when 
viewed  in  itsphysiological  bearings :  the  investigations  of  Gra- 
ham {Phil.  Irons.,  1854)  have  also  proved  it  to  possess  consider- 
able interest  in  a  purely  chemical  sense. 

(61)  Conditions  of  Osmose. — The  osmometer  used  in  these  ex- 
periments is  represented  in  fig.  86.  It  consists  of  a  bell-jar,  a, 
of  a  capacity  of  5  or  6  ounces,  over  the  open 
Fig.  86.  mouth  of  which  a  plate  of  perforated  zinc  is 

5>laced,  and  over  this  is  securely  tied  a  piece  of 
resh  ox-bladder  with  the  muscular  coat  removed, 
or  else  an  artificial  membrane  formed  by  calico 
soaked  in  white  of  egg  and  dipped  into  boiling 
water  to  coagulate  it ;  to  the  upper  aperture  ot 
the  bell-jar,  a  tube  ^  of  the  diameter  of  the 
lower  opening  of  the  jar,  is  fitted.  This  tube  is 
open  at  both  ends,  and  is  graduated  into  milli- 
metres, so  that  each  degree  is  equal  to  about 
¥y  of  an  inch.  A  rise  or  fall  of  liquid  in  the 
narrow  tube  amounting  to  100  millimetres  there- 
fore represents  the  entrance  or  removal  of  a  stra- 
tum of  liquid  of  1  millimetre  in  thickness  over  the  whole  surface 
of  the  membrane.  In  using  the  instrument,  the  membrane  is 
well  macerated  in  pare  water,  and  the  saline  solution  introduced 
into  the  jar,  a,  until  it  stands  at  a  fixed  mark  in  the  narrow  tube. 
The  apparatus  is  then  placed  on  a  tripod  stand  in  a  tall  cylindri- 
cal jar,  b,  and  distilled  water  poured  in  until  it  stands  exactly  at 
the  level  of  the  liauid  in  the  tube.  During  the  whole  experiment 
this  level  is  carefully  maintained,  by  the  addition  or  removal  of 
water  in  the  outer  jar,  as  circumstances  require. 

The  principal  points  which  were  ascertained  by  experiments 
conducted  in  tnis  way  were  the  following : — 

1.  Neutral  organic  substances,  such  as  urea,  gum  arabic, 
sugar  of  milk,  gelatin,  and  salicin,  exercise  little  or  no  osmotic 
action. 

2.  Strictly  neutral  salts,  such  as  sulphate  of  magnesium,  chlo- 
ride of  sodium,  and  chloride  of  barium,  exercise  no  peculiar 
osmotic  power,  but  appear  to  follow  nearly  the  same  rate  of  diffu- 
sion as  that  which  is  observed  when  no  porous  partition  is  used. 

3.  Alkaline  solutions,  and  especially  the  solutions  of  the  car- 
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Inmates  of  potassium  and  sodium,  on  the  contrary,  produce  en- 
dosmosis  to  a  most  remarkable  extent.  This  effect  is  observed 
even  in  solutions  which  contain  not  more  than  1  part  of  the  salt 
to  1,000  of  water.  Indeed,  it  was  found  generally  that  these 
osmotic  phenomena  were  most  strongly  developed  in  dilute  solu- 
tions, such,  for  instance,  as  did  not  contain  more  than  2  per  cent, 
of  the  salt*  In  these  experiments  a  large  bulk  of  water  entered 
the  osmometer,  whilst  only  a  very  small  portion  of  the  alkaline 
salt  escaped  into  the  water  of  the  outer  jar.  For  example,  in  5 
hours,  when  a  solution  of  carbonate  of  potassium  containing  1 
part  of  the  salt  in  1,000  of  water  was  placed  in  the  osmometer, 
the  liquid  in  the  stem  of  the  instrument  rose  through  192  divi- 
sions ;  and  for  each  grain  of  carbonate  of  potassium  that  became 
diffused  into  the  outer  cylinder,  upwards  of  550  grains  of  water 
entered  the  osmometer ;  but  when  a  solution  which  contained  1 
per  cent,  of  carbonate  of  potassium  was  used,  not  much  more 
than  68  grains  of  water  entered  the  instrument  for  each  grain  of 
carbonate  that  became  diffused  into  the  outer  cylinder.  When 
the  liquid  rises  in  the  osmometer,  Graham  distinguishes  it  as 
jxmtwe  osmose. 

4.  On  the  other  hand,  dilute  acids,  and  solutions  of  acid  salts 
generally,  produce  a  current  in  the  opposite  direction;  conse- 
quently the  column  falls  in  the  stem  of  the  osmometer.  This 
effect  is  distinguished  as  negative  osmose. 

Salts  which  admit  of  division  into  a  basic  salt  and  free  acid 
exhibit  osmotic  properties  in  a  high  degree.  This  is  well  seen  in 
the  case  of  acetate  of  aluminum,  nitrate  of  lead,  chloride  of  zinc, 
and  the  chromic  and  ferric  salts.  The  acid  travels  outwards  by- 
diffusion,  and  the  inner  surface  of  the  membrane  is  left  in  a  basic 
condition,  whilst  the  outer  surface  is  acid— conditions  highly 
favourable  to  rapid  positive  osmose. 

5.  In  every  instance  in  which  osmotic  action  is  observed  (ex- 
cept in  the  cases  of  alcohol  and  cane  sugar),  a  chemical  action  on 
the  material  of  the  septum,  whether  it  consists  of  bladder  or  of 
earthenware,  invariably  occurs;  and  it  is  remarkable,  that  if 
porous  materials,  not  susceptible  of  decomposition  by  the  liquids, 
be  made  use  of  as  a  partition,  the  osmotic  phenomena  become 
insignificant : — thus  a  plug  of  gypsum,  of  washed  unbaked  clay, 
of  tanned  leather,  or  ot  compressed  charcoal,  although  sufficiently 
porous,  gives  rise  to  little  or  no  osmotic  action.  To  induce  osmose 
under  the  most  favourable  circumstances,  the  chemical  action  on. 
the  septum  must  be  different  on  the  two  sides,  not  only  in  degree, 
but  also  in  kind ;  such  as  is  produced  by  the  presence  of  acid 
upon  one  surface,  and  of  alkali  on  the  other.  These  circum- 
stances are  especially  interesting  from  their  chemical  bearings, 
as  is  also  the  next  point,  which  is  probably  connected  with  them 
— viz.:— 

6.  Two  salts,  when  mixed,  often  have  an  osmotic  action  very 
different  from  that  which  they  exercise  separately.  For  example, 
perfectly  neutral  sulphate  of  potassium  nas  a  feeble  positive  os- 
mose, represented  by  a  rise  of  20  millimetres  in  5  hours.    The 
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addition  of  1  part  of  carbonate  of  potassium  to  10,000  of  the  eola- 
tion raised  it  to  nearly  100mnu  in  6  hours,  whilst  an  equally  mi- 
nute trace  of  hydrochloric  acid  stopped  the  osmose  almost  entirely. 
Similar  results  were  obtained  with  sulphate  of  sodium.  Chloride 
of  sodium,  on  the  other  hand,  exhibits  a  remarkable  power  of  re- 
ducing osmotic  action  in  other  salts.  The  osmose  of  a  solution  of 
carbonate  of  sodium,  containing  ttVt  of  the  carbonate,  was  reduced 
from  119**-  to  &&*;  by  the  addition  of  1  per  cent,  of  chloride  of 
sodium.  From  other  experiments,  it  appears  further  that  two 
different  saline  solutions,  one  placed  in  the  osmometer,  the  other 
in  the  outer  jar,  each  solution  holding  equal  weights  of  the  differ- 
ent salts  dissolved  in  the  same  bulk  of  water,  may  also  give  rise 
to  osmotic  action,  when  separated  by  a  suitable  porous  partition. 

Liebig  has  shown  that  the  mechanical  force  of  the  osmotic 
current  may  be  measured  by  the  following  simple  means : — Let 
the  open  extremity  of  the  shorter  limb  of  a  glass  tube  bent  into 
the  form  of  a  syphon  be  closed  by  a  piece  of  bladder,  pour  a  lit- 
tle mercury  into  the  bend  of  the  tube,  and  fill  the  shorter  limb 
with  the  saline  liquid  under  experiment ;  immerse  the  bend  of 
the  tube  and  the  membrane  in  water,  leaving  the  extremity  of 
the  longer  limb  open  :  as  the  water  enters  the  tube,  the  mercury 
will  be  raised  in  tne  longer  limb,  and,  when  the  column  reaches 
a  certain  height,  the  two  liquids  will  intermix  without  change  of 
volume.  The  length  of  the  column  which  has  been  raised  above 
the  level  of  the  surface  of  the  mercury  in  the  shorter  limb  must 
be  measured,  and  when  compared  with  the  length  of  the  column 
obtained  with  other  liquids  under  similar  circumstances,  it  affords 
a  comparative  measure  of  the  osmotic  force  for  each.  Osmotic 
action  thus  offers  an  interesting  case  of  the  direct  conversion 
of  chemical  attraction  (on  the  septum)  into  motive  power,  the 
extent  of  which  admits  of  ready  numerical  expression. 

Osmotic  phenomena  are  constantly  going  on  both  in  plants 
and  in  animals ;  for  in  their  tissues,  liquids  of  very  different  na- 
tures, sometimes  acid,  still  more  often  alkaline,  are  circulating 
through  vessels  necessarily  constructed  of  flexible  and  porous  mar 
terials ;  and  in  the  economy  both  of  the  vegetable  and  of  the  ani- 
mal creation  such  actions  are  of  the  highest  importance  to  the 
due  performance  of  the  vital  functions.  In  fact,  we  as  yet  know 
not  how  intimately  the  entire  processes  of  absorption,  nutrition, 
and  secretion,  are  connected  with  the  operations  of  liquid  diffu- 
sion and  of  endosmosis. 

(62)  Dialysis-— Crystalloids  and  Colloids. — In  a  subsequent 
memoir  (Phtl.  Trans.,  1861,  p.  188),  Graham  has  pursued  the 
subject  of  liquid  diffusion,  and  applied  the  process  to  the  purposes 
of  chemical  analysis.  The  most  remarkable  conclusion  at  which 
he  arrives  in  this  memoir  is  that  all  bodies  are  chemically  refer- 
able to  one  or  other  of  two  great  classes,  which  he  distinguishes 
as  crystalloids  and  coB&ids.  Bodies  susceptible  of  crystallization, 
or  crystalloids,  form  a  solution  generally  free  from  viscosity,  and 
they  are  always  sapid;  they  are  especially  endowed  with  the 
tendency  to  diffusion  through  a  porous  septum :  whilst  the  ocl- 
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hide,  or  jelly-like  substances  (from  k6X\.i),  glue),  such  as  gum, 
starch,  dextrin,  tannin,  gelatin,  albumen,  and  caramel,  are  char- 
acterised by  a  remarkable  sluggishness  and  indisposition  to  diffu- 
sion or  to  crystallization ;  when  pure,  they  are  also  tasteless,  or 
nearly  so. 

Sulphate  of  magnesium,  for  instance,  one  of  the  least  diffusible 
crystalline  bodies,  has  a  diffusibility  7  times  as  great  as  that  of 
albumen,  and  14  times  as  great  as  that  of  caramel,  if  compared 
by  determining  the  relative  weights  which  are  diffused  in  equal 
times  under  similar  circumstances. 

If  we  compare  together  the  times  required  for  the  diffusion 
of  equal  weights  of  different  substances,  calling  the  time  of  hy- 
drochloric acid,  the  most  diffusible  of  known  bodies,  unity,  tne 
following  table  may  be  formed  of 

Approximative  Times  of  Equal  Diffusion. 

Hydrochloric  acid 1 

Chloride  of  sodium 3*33 

Cane-sugar 7 

Sulphate  of  magnesium 7 

Albumen 49 

Caramel 98 

In  making  these  experiments,  some  insoluble  colloid,  such  as 
a  sheet  of  the  paper  modified  by  sulphuric  acid,  which  is  well 
known  under  the  name  of  '  parchment  paper,'  is  employed  as  a 
septum  through  which  the  diffusion  may  take  place.  A  ready 
dtabfris  (from  Sufc,  asunder,  Xw-t?,  separation),  or  separation  of 
crystalloid  and  colloid  bodies,  may  be  effected  in  the  following 
manner : — Prepare  a  shallow  tray  by  stretching  a  sheet  of  parch- 
ment paper  over  one  side  of  a  hoop  of  gutta  percha ;  place  the 
mixture  for  experiment  in  the'tray,  and  then  float  it  in  a  shallow 
dish  of  pure  water,  the  bulk  of  the  water  being  from  4  to  10 
times  that  of  the  mixture.  In  the  course  of  24  or  48  hours,  the 
separation  will  have  taken  place  more  or  less  completely.  In  this 
way  a  solution  of  arsenious  acid,  for  instance,  after  admixture 
with  various  articles  of  food,  readily  diffuses  out.  If  the  diffusate 
be  evaporated  down  to  a  small  bulk,  the  arsenious  acid  may  be 
obtained  nearly  free  from  organic  matter,  and  sufficiently  pure  to 
yield  a  yellow  precipitate  with  sulphuretted  hydrogen. 

There  is  no  doubt  that  this  process  of  dialysis  will  find  im- 
portant applications  both  in  pharmacy  and  in  the  laboratory.  In 
the  examination  of  organic  mixtures  for  poisons  it  affords  a  sim- 
ple method  of  separating  almost  all  crystalline  bodies,  such  as 
the.  mineral  poisons  ana  the  vegetable  alkaloids,  from  the  mass 
of  organic  fluids  without  introducing  any  extraneous  substance, 
thus  leaving  the  mixture  perfectly  fit  for  other  modes  of  exam- 
ination. 

Many  colloidal  bodies  of  organic  origin,  such  as  gum,  albu- 
men, or  caramel,  may  in  a  similar  way  be  freed  from  saline  im- 
purities, which  it  is  very  difficult,  if  not  impossible,  to  remove  by 
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other  means.  Diffusion,  indeed,  takes  place  very  perfectly  from 
solid  hydrated  colloids ;  this  may  be  shown  in  a  striking  manner 
by  the  following  experiment : — 

Let  10  parts  of  common  salt  and  two  of  gelose,  or  Japanese 
gelatin,  be  dissolved  in  hot  water,  which  must  be  added  till  it 
forms  100  parts  of  solution.  If  this  be  poured  into  a  glass  jar,  it 
will  set,  on  cooling,  into  a  firm  jelly ;  now  pour  upon  this  700 
parts  of  a  similar  solution  of  gelose,  Dut  containing  no  chloride  of 
sodium;  this  also  will  set  into  solid  jelly.  In  an  experiment 
made  in  this  way,  the  whole  was  left  undisturbed  for  eight  days» 
and  the  result  was  compared  with  a  similar  experiment,  in  which 
diffusion  of  the  salt  was  allowed  to  take  place  into  an  upper  stra- 
tum of  water  instead  of  one  of  gelose.  The  rate  of  diffusion  was 
found  to  be  nearly  the  same  in  the  two  cases,  but  rather  the  most 
rapid  in  the  case  of  the  solid  jelly.  This  process  may  be  watched 
very  readily  by  substituting  a  coloured  salt,  such  as  acid  chrpmate 
of  potassium,  for  the  chloride  of  sodium. 

Graham  has  suggested  the  following  explanation  of  the  pro- 
cess of  dialysis.  The  water  in  the  colloidal  septum  is  not  directly 
available  as  a  medium  for  diffusion,  being  in  a  state  of  true  chem- 
ical combination,  feeble  though  it  be.  Soluble  crystalloids,  how- 
ever, can  separate  water,  molecule  after  molecule,  from  the  hy- 
drated colloid  substituting  the  septum ;  the  crystalloid^  in  this 
manner  obtains  the  liquid  medium  required  for  its  diffusion,  and 
thus  makes  its  way  through  the  gelatinous  septum. 

Graham  indeed  supposes  that  the  coats  of  the  stomach  dialyse 
the  food  during  digestion,  absorbing  the  crystalloids  and  reject- 
ing all  the  colloids,  an  action  favoured  by  the  thick  coating  of 
mucus  which  generally  lines  the  stomach.  This  suggestion  prob- 
ably requires  some  limitation;  otherwise  starch,  gelatin,  and 
other  colloids,  unless  previously  converted  into  crystalloids,  would 
be  wholly  unabsorbed  after  they  have  been  swallowed.  The  pro- 
cess of  dialysis,  though  most  commonly  exhibited  in  animal  and 
vegetable  textures,  is  not  confined  to  them.  For  example,  the 
cementation  of  iron,  or  the  process  of  its  slow  carburation  during 
its  conversion  into  steel,  is  supposed  to  be  due  to  colloid  diffusion, 
the  pasty  condition  to  which  iron  is  reducible  at  a  certain  eleva- 
tion of  temperature  being  referred  by  Graham  to  its  assumption 
of  the  colloidal  form. 

Colloid  bodies  do  not  necessarily  belong  to  the  organic  king- 
dom, though  they  are  most  frequently  met  with  amongst  its  con- 
stituents ;  and  owing  to  their  tendency  to  undergo  slow  but  per- 
petual molecular  change,  together  with  their  peculiar  relations 
to  water,  they  seem  to  be  especially  suited  to  form  the  plastic 
materials  required  for  building  up  the  tissues  of  the  living,  or- 
ganism. 

Indeed,  the  crystalloid  appears  to  be  the  static,  whilst  the 
colloid  is  the  dynamic  condition  of  a  body ;  and  the  usual  ten- 
dency of  the  colloid  is  gradually  to  approach  the  crystalloid 
form. 

The  chemistry  of  a  body  in  the  colloid  condition  is  very  dif- 
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ferent  from  that  of  the  same  body  in  its  crystalloid  form.  Hy- 
drated  or  gelatinous  silicic  acid,  soluble  alumina,  a  particular 
soluble  form  of  hydrated  peroxide  of  iron,  and  of  sesquioxide  of 
chromium,  are  instanced  by  Graham  as  belonging  to  tne  class  of 
inorganic  colloids.  Each  of  them,  in  this  state,  possesses  proper- 
ties quite  different  from  those  which  it  exhibits  in  its  ordinary  or 
crystalline  form.  Some  colloids  are  soluble  in  water,  as  gelatin 
and  gum  arabic ;  some  are  insoluble,  like  gum  tragacanth :  some 
form  solid  compounds  with  water,  as  for  example,  gelatin  and 
tragacanth ;  whilst  others,  like  tannic  acid,  do  not.  In  colloids 
water  of  gelatvnization  appears  to  represent  in  some  measure  the 
water  of  crystallization  in  crystalloids. 

The  combining  proportion  of  colloids  is  generally  high,  al- 
though the  ratio  oetween  the  elements  of  the  substance  may  be 
simple,  and  it  seems  not  to  be  improbable  that  the  grouping  to- 
gether of  a  number  of  crystalloid  molecules  may  be  one  of  the 
essential  requisites  for  the  development  of  the  colloid  condition. 

(63)  Flow  of  Liquids  through  Capillary  Tubes. — An  interest- 
ing and  close  connexion  exists  between  the  subjects  which  have 
just  been  considered  and  liquid  transpiration,  or  the  flow  of 
liquids  through  capillary  tubes.  The  most  extensive  and  com- 
plete set  of  experiments  hitherto  made  upon  this  branch  of  re- 
search, is  due  to  Poiseuille.     {Ann.  de  Chvnvie,  III.  xxi.  76.) 

Fig.  37  will  explain  the  method  of  conducting  these  experi- 
ments :  a  is  a  hollow  conical  metallic  ves- 
sel, which  can  be  attached  by  a  screw  joint  *ia-  8^ 
to  a  capacious  receiver  of  condensed  air,  the 
exact  pressure  of  which  can  be  regulated 
bv  means  of  a  gauge  attached  to  it :  b  is  a 
glass  globe,  of  about  half  a  cubic  inch  in 
capacity,  which  contains  the  liquid  under 
experiment ;  it  is  connected  with  the  metal- 
lic vessel,  a,  by  a  glass  tube  of  narrow  bore. 
A  similar  tube  proceeds  from  the  lower 
part  of  the  globe,  and  to  this  is  attached 
the  capillary  tube  <?,  the  diameter  and  length 
of  which  are  careftdly  determined.  The 
object  of  the  little  bulb,  <£,  is  merely  to  ena- 
ble  the  observer  accurately  to  define  the ' 
termination  of  the  capillary  tube,  a  is  a 
vessel  which  is  filled  with  water,  provided 
with  an  accurate  thermometer,  for  observing  and  regulating  the 
temperature.  When  an  experiment  is  to  be  made,  the  end  of  the 
capillary,  a,  is  introduced  into  the  liquid,  and  tne  globe,  b,  is 
filled  by  attaching  it  to  an  exhausting  syringe.  When  the  liquid 
has  risen  a  little  above  the  line  *,  the  syringe  is  detached,  and 
the  apparatus  connected  with  the  vessel  of  condensed  air.    The 

Sressure  of  this  confined  air  continues  without  appreciable  change 
uring  the  experiment.  By  opening  a  stop-cock,  the  condensed 
air  exerts  its  force  upon  the  liquid,  which  is  expelled  through  the 
capillary  tube,  o,  and  the  column  descends  in  the  tube,  e  f    By 
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means  of  a  stop-watch,  the  time  at  which  it  reaches  the  line,  6,  is 
exactly  noted,  and  the  time  is  again  observed  when  the  globe  has 
become  emptied,  and  the  liquid  has  reached  the  lower  line  f. 
The  object  of  the  conical  metallic  vessel,  a,  is  to  act  as  a  trap  or 
lodging  place  for  any  particles  of  dust  that  might  be  suspended 
in  the  compressed  air,  and  which,  by  obstructing  the  capillary 
tube,  would  mar  the  result 

From  the  inquiries  of  Poiseuille,  it  appears  that  when  a  tube 
exceeds  a  certain  length  (which  is  greater  as  the  diameter  in- 
creases), the  following  laws  regulate  the  rate  of  efflux  of  the 
liquid : — 1.  That  the  now  increases  directly  as  the  pressure ;  so 
that  with  a  double  pressure,  double  the  amount  of  liquid  is  dis- 
charged in  equal  times.  2.  That  with  tubes  of  equal  diameter, 
the  quantities  discharged  in  eoual  times  are  inversely  as  the 
length  of  the  tube :  if  from  a  tube  2  inches  in  length,  100  grains 
escape  in  five  minutes,  from  a  similar  tube,  4  inches  long,  only 
SO  grains  would  flow  out  in  the  same  time.  3.  That  in  tubes  of 
equal  lengths,  but  of  different  diameters,  the  flow  is  as  the  fourth 
powers  of  the  diameters ;  for  example,  if  tubes,  one  of  TV>  another 
of  T|T,  of  an  inch  in  diameter,  be  compared  together,  the  efflux 
from  the  larger  tube  would  be  16  times  as  great  as  from  the 
smaller,  being  in  the  proportion  of  1* :  24,  or  as  1 :  16,  although 
the  diameter  of  the  tube  is  only  twice  as  great.  * 

To  the  chemist,  however,  the  most  interesting  part  of  these 
experiments  is  that  which  displays  the  effect  produced  by  vary- 
ing the  kind  of  body  which  is  allowed  to  flow  through  the  capil- 
lary tube.  The  material  of  which  the  tube  itself  is  made  does 
not  appear  to  influence  the  result ;  but  the  nature  of  the  solution 
employed  exercises  the  most  marked  effect.  The  liquids  used 
were,  m  most  cases,  solutions  in  water  of  various  bodies,  especi- 
ally of  salts.  In  the  majority  of  instances  the  flow  of  the  solution 
was  slower  than  that  of  distilled  water.  All  the  alkalies  occa- 
sioned this  retardation.  In  a  few  cases,  no  sensible  effect  was 
produced.  Thus  neither  nitrate  of  silver,  corrosive  sublimate, 
iodide  of  sodium,  iodide  of  iron,  nitric,  hydriodic,  bromic,  nor 
hydrobromic  acid,  seemed  to  have  any  influence ;  whilst  the  hy- 
drosulphuric  and  hydrocyanic  acids,  and  a  few  of  the  salts  of 
potassium  and  ammonium — viz.,  the  nitrates  of  potassium  and 
ammonium,  chlorides  of  potassium  and  ammonium,  the  iodide, 
bromide,  and  cyanide  of  potassium — increased  the  rapidity  of  the 
flow :  but  it  is  remarkable,  that  concentrated  solutions  of  iodide 
of  potassium  above  a  temperature  of  140°  F.,  and  of  nitrate  of 
potassium  above  104°,  actually  flow  more  slowly  than  distilled 
water  does.  Strict  attention  to  the  temperature  at  which  these 
comparisons  are  made  is  absolutely  necessary,  for  both  with  water 
and  with  dilute  solutions  generally,  a  slight  elevation  of  tempera- 
ture produces  a  great  increase  in  the  rapidity  of  efflux.  "Water, 
for  instance,  at  113°,  escaped  through  the  same  tube  with  a  ra- 
pidity 2J  times  as  great  as  it  did  at  Il°. 

Hitherto  no  connexion  has  been  traced  between  the  rate  of 
efflux  of  the  liquid  and  its  density,  capillarity,  and  fluidity.    The 
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capillarity  of  alcohol,  as  well  as  its  density,  increases  in  proportion 
as  it  is  diluted  with  water,  while  its  fluidity  diminishes ;  but  ex- 
periment has  proved  that  a  mixture  of  equal  parts  of  spirit  of 
wine  and  water  flows  out  with  considerably  less  than  half  the 
rapidity  of  pure  alcohol,  and  with  less  than  one-third  of  that  of 
distilled  water.  The  dilution  of  alcohol,  therefore,  to  a  'certain 
point,  retards  its  efflux,  and  beyond  that  point  increases  it :  the 
minimum  rate  of  efflux  corresponds  with  that  particular  mixture 
of  alcohol  and  water,  which  is  attended  with  the  maximum  of 
contraction  after  admixture  of  the  two  liquids.  The  degree  of  so- 
lubility of  a  body  in  water  appeara  to  exercise  but  a  secondary 
influence  on  the  phenomenon.    Poiseuille  showb  it  to  be  highly 

Erobable  that  the  various  solutions,  when  introduced  into  the 
lood  of  a  living  animal,  provided  that  they  do  not  cause  the 
serum  to  coagulate,  produce  effects  of  acceleration  or  retardation 
on -the  capillary  circulation,  corresponding  with  those  which  are 
observed  with  the  same  liquids  in  capillary  tubes  of  glass.  He 
has  proved  this  to  be  the  case  by  direct  experiment,  with  the 
iodide  of  potassium  when  injected  into  the  veins  of  the  horse ; 
and  has  shown  that  when  various  salts  are  mingled,  with  serum, 
and  the  liquids  are  allowed  to  flow  out  through  small  tubes,  re- 
tardation or  acceleration  occurs,  as  in  the  corresponding  cases 
with  their  aqueous  solutions. 

The  following  table  contains  several  of  Poiseuille's  results, 
numerically  expressed.  The  solutions  employed  contained  1  per 
cent,  of  the  various  substances  mentioned,  except  in  the  case  of 
the  last  four  liquids.  They  were  exposed  to  a  pressure  equal  to 
that  of  a  column  of  water  1  metre  (39*37  inches)  in  height,  at 
the  temperature  of  52°#16,  unless  otherwise  noted. ;  and  escaped 
through  a  tube  64  millimetres  (2*519)  inches  in  length,  and 
0-24946mm.  (0*0108  inch)  in  diameter.  The  numbers  in  the  table 
indicate  the  time  occupied  in  seconds,  for  the  efflux  of  equal  bulkB 
of  the  liquids  used — viz.,  6*6  cubic  centimetres  (0*4  cubic  inch.) 


ux  of  Liquids  through  Fine  Tubes. 


Temperature  6S'*16  F. 

68*«42 

58**4 

Distilled  Water.. 

576"-8 

565"*0 

566"*2 

Nitrate. 

Sulphate. 

Phosphate. 

Aneniate. 

Carbonate. 

Chloride. 

Oxalate. 

Potassium 

Ammonium ...... 

fEfodfalp T. 

564"*5 
669*4 
575*9 
577-8 
578-8 
581-2 
588-2 

578"-9 
582-0 
590*8 

690-6 

588"-4 
590*2 
588-6 

588"-8 
588*0 

688"*8 
592*6 

660"*8 
660*9 
669*4 

571*2 
674-9 

571"'l 
674*2 
578*4 

I^tad 

Calcium  ,-,ti.t..i. 

Magnesium 

... 

592*4 

Tartar  I5m«ti«-  5ft  va 
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DiatffledWater. 578"-8 

Arsenioua  Add 578-6 

Phosphoric  Acid 582-8 

Oxalic  Acid 682-9 

Acetic  Add 585-5 

Citric  Add 686-0 


Arsenic  Add 586"-8 

Sulphuric  Acid 589-6 

Pure  Serum,  Oz 1048-5 

Madeira  Wine 11841 

Sparkling  Sfflery 1462-8 

Jamaica  Bum 1881-9 


The  observation  of  Poiseuille,  that  diluted  alcohol  has  a  point 
of  maximum  retardation  coincident  with  the  degree  of  dilution 
at  which  the  greatest  condensation  of  the  mixed  liquids  occurs, 
or  at  a  point  in  which  1  atom  of  alcohol  and  3  atoms  of  water 
(H,0)  are  present  in  mixture,  served  as  a  starting  point  to  Gra- 
ham for  a  new  inquiry.  (PhU.  Trane..  1861,  p.  873.)  The  rate 
of  transpiration  he  has  proved  to  be,  in  certain  cases,  connected 
with  chemical  composition.  The  3-atom  hydrate  of  methylic  al- 
cohol, although  not  distinguished  by  any  particular  degree  of 
condensation  in  volume,  exhibits  a  peculiarity  in  its  transpiration- 
rate  similar  to  that  of  dilute  vinic  alcohol.  The  hydrated  acids, 
also,  in  many  cases,  exhibit  a  characteristic  retardation  of  trans- 
piration at  a  particular  degree  of  hydration. 

As  a  result  of  these  inquiries,  Graham  also  concludes  that  as 
far  as  his  observations  upon  different  alcohols,  ethers,  and  acids, 
extend,  the  order  of  succession  of  individual  substances  in  any 
homologous  series  would  be  indicated  by  the  degree  of  transpira- 
bility  of  these  substances  as  clearly  as  it  is  by  their  comparative 
volatility. 

In  hydrated  substances,  the  extent  to  which  transpiration  is 
affected  by  the  annexation  of  water,  is  by  no  means  in  proportion 
to  the  intensity  of  combination.  In  sulphuric  acid,  for  instance, 
the  maximum  transpiration  time  occurs  with  the  hydrate 
(RjSOi+E.,0),  of  acetic  acid  with  the  compound  (H0tH,0t+ 
H,0),  of  nitric  acid  with  (2HN0.+3H.0),  and  with  alcohol  with 
the  hydrate  (tffH,0+3Hf0). 

The  following  table  contains  a  rexwrrU  of  some  of  the  more 
interesting  results  obtained  by  Graham  upon  this  subject.  The 
transpiration  time  of  water  at  the  particular  temperature  em- 
ployed is,  in  all  cases,  taken  as  the  unit  of  comparison : — 


Liquid  (uiHlQuUd). 

Trantpira- 
btllty. 

Degree  of 
Hydration. 

Trancplra- 
Mllty. 

Water 

1-0000 
0-6800 
11950 
8*6490 
0-5110 
0-5580 
0-7500 
0-8270 
1-2801 
1-5650 
2-1550 
0-9899 
21-6514 
0-4010 

+  8Ha0 
+  8H,0 

+  H.0 
+  H.0 
+  H.0 
4-  li  H,0 
+  H.0 
+  6H,0 

1-8021 
2-7872 

2-7400 
8-2790 
8-8890 
2-1084 
28-7706 
1-6040 

Methylic  AlcohoL  <7H40 

Vinic  Alcohol,  C%Ei%0 

Amylic  Alcohol,  C»Hii0 

Formiate  of  Ethyl .". 

Acetate  of  Ethyl 

Butyrate  of  EthyL 

Valerate  of  EthyL 

Acetic  Acid  (HC,H»0O 

Butyric  Acid(H£74HT0s) 

Valeric  Add  (HC»Ht0,) 

Nitric  Add  (HN0«) 

Sulphuric  Acid  (H,S04) 

Acetone  (C.H.O) 

Digitized  by  VjOOQIC 


AB80EPTI0N  OF  GASES  BT  LIQUIDS.  81 

(64)  Adhesion  of  Oases  to  Liquids. — The  adhesion  of  gases 
to  liquids,  although  not  <juite  so  evident  as  that  of  solids  to 
liquids,  is  yet  attended  with  results  almost  equally  important. 
It  is  exemplified  in  the  pouring  of  liquids  from  one  vessel  to  an- 
other, by  the  bubbles  which  are  carried  down  with  the  descend- 
ing stream,  and  which  rise  and  break  upon  the  surface  of  the 
liquid. 

Adhesion,  however,  produces  in  the  effects  of  solution  which 
attend  the  mutual  action  of  gases  and  liquids,  results  which  are 
far  more  general  in  their  operation.  All  gaseous  bodies  are  in  a 
greater  or  less  degree  soluble  in  water:  some,  as  hydrochloric 
acid  and  ammonia,  being  absorbed  by  it  with  extreme  rapidity, 
the  liquid  taking  up  400  or  600  times  its  bulk  of  the  gas ;  in 
other  instances,  as  occurs  with  carbonic  acid,  water  takes  up  a 
volume  equal  to  its  own ;  whilst  in  the  case  of  nitrogen,  oxygen, 
and  hydrogen,  it  does  not  take  up  much  more  than  from  ¥V  to 
jV  of  its  bulk.  As  the  elasticity  of  the  gas  is  the  power  which  is 
here  opposed  to  adhesion,  and  which  at  times  limits  the  quantity 
dissolved,  it  is  found  that  the  solubility  of  each  gas  is  greater,  the 
lower  the  temperature,  and  the  greater  the  pressure  exerted  upon 
the  surface  of  the  liquid.  Dr.  Henry  found  that  at  any  given 
temperature,  the  volume  of  any  gas  which  was  absorbed  was  uni- 
form, whatever  might  be  the  pressure;  consequently  that  the 
weight  of  any  given  gas  absorbed  by  a  given  volume  of  any  liquid 
at  a  fixed  temperature  increased  directly  with  the  pressure.  If 
the  pressure  be  uniform,  the  quantity  of  any  given  gas  absorbed 
by  a  given  liquid  is  also  uniform  for  each  temperature ;  and  the 
numerical  expression  of  the  solubility  of  each  gas  in  such  liquids, 
is  termed  its  coefficient  of  absorption,  or  of  solubility,  at  the  par- 
ticular temperature  and  pressure ;  the  volume  of  the  gas  absorbed 
being  in  all  cases  calculated  for  32°  F.,  under  a  pressure  of  29*92 
inches  of  mercury.  Thus  1  volume  or  water  at  32°,  and  under  a 
pressure  of  29*92  inches  of  the  barometer,  dissolves  0*04114  of  its 
volume  of  oxygen ;  and  this  fraction  represents  the  coefficient  of 
absorption  of  oxygen  at  that  temperature  and  pressure.  All  wa- 
ter contains  a  certain  small  proportion  of  air  in  solution,  in  conse- 
quence of  the  solubility  of  the  gases  of  which  the  atmosphere  con- 
sists ;  and  if  placed  in  a  vessel  under  the  air-pump,  so  as  to  re- 
move the  atmospheric  pressure  from  its  surface,  the  dissolved 
gases  rise  through  the  liquid  in  minute  bubbles.  Small  as  is  the 
quantity  of  oxygen  thus  taken  up  by  water  from  the  atmosphere, 
it  is  the  means  of  maintaining  the  life  of  all  aquatic  plants  and 
animals  ;  if  the  air  be  expelled  from  water  by  boiling,  and  it  be 
covered  with  a  layer  of  oil  to  prevent  it  from  again  absorbing 
air,  fish  or  any  aquatic  animals  placed  in  such  water  quickly 
perish.  Even  the  life  of  the  superior  animals  is  dependent  upon 
the  solubility  of  oxygen  in  the  nuid  which  moistens  the  air-tubes 
of  the  lungs,  in  consequence  of  which  this  gas  is  absorbed  into 
the  mass  of  the  blood  as  it  circulates  through  the  pulmonary 
vessels. 

If  a  mixture  of  two  or  more  gases  be  placed  in  contact  with  a 
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liquid,  a  portion  of  each  gas  will  be  dissolved,  and  the  amount  of 
each  so  dissolved  will  be  proportioned  to  the  relative  volume  of 
each  gas  in  the  mixture  multiplied  into  its  coefficient  of  solubility 
at  the  observed  temperature  and  pressure : — For  instance,  if  it  be 
assumed  in  round  numbers,  that  atmospheric  air  contains  £th  of 
its  bulk  of  oxygen,  and  fths  of  its  bulk  of  nitrogen,  the  amount 
of  each  of  these  gases  which  water  should  absorb  from  the  air  at 
a  temperature  of  59°  under  a  pressure  of  29*92  inches,  may  be 
calculated  in  the  following  manner.  The  coefficient  of  absorption 
for  oxygen,  at  69°  is  0-02989,  that  of  nitrogen  is  0-01478  :— 

}  0-02989  =  0-00597  proportion  of  oxygen  dissolved. 
j  0-01478  =  0-01182  proportion  of  nitrogen  dissolved. 

0*01779  proportion  of  air  dissolved. 

The  proportion  of  nitrogen  thus  required  by  calculation  is  rather 
less  than  double  that  of  the  oxygen,  or  66*1 :  38*9,  a  proportion 
which  agrees  almost  exactly  with  the  results  of  experiment. 

The  following  table  shows  the  solubility  of  some  of  the  prin- 
cipal gases,  both  in  water  and  in  alcohol  (Bunsen,  IAebufs  An- 
nal.  xciii.  1,  and  Carina,  lb.  xciv.  129).  All  these  eases,  with 
the  exception  of  hydrochloric  acid,  may  be  expelled  from  the 
water  by  long-continued  boiling. 


Solubility  of  Oases  in  Water  and  in  Alcohol. 

Guea. 

Volumes  of  each  Gas 
Of  Water. 

dissolred  in  1  Volume 
OfAlcohoL 

At88*F. 

At09°F. 

Attt'F. 

AtM*F. 

Amiponift ,„TtT.T 

1049**0 
505*9 
68-861 
4*8706 
solid. 
1-7967 
1*8052 
0*2568 

0-05449 
008287 
0-04114 
0*02085 
0*02471 
0-01980 

727*2 

458-0 
48-564 
8*2826 
2*868 
1-0020 
0*07780 
016150 

0-08909 
002482 
0*02989 
0-01478 
0*01795 
001980 

828-62 
17-891 

4-8295 

4-1780 

8*5950 

0*81606 

0*52259 

0*20448 

0-28897 

0*12684 

0*06925 

144*55 
9*689 

81998 

8*2678 

2-8825 

0-27478 

0*48280 

0-20448 

0-28397 

012142 

0*06725 

Hydrochloric  Acid 

Sulphurous  Anhydride... 
Sulphuretted  Hydrogen.. 
Chlorinet*- 1- -.***---. Tf»-*- 

Carbouic  Acid 

Nitrous  Oxide 

OlefiantGas 

Nitric  Oxide 

Marsh  Gas 

Carbonic  Oxide. 

Oxygen.. 

Nitrogen 

Air 

Hydrogen 

Other  liquids  besides  water  dissolve  the  gases  with  greater  or 
less  avidity. 

(65)  Adhesion  of  Oases  to  Solid*.— When  iron  filings  are 
gently  dusted  over  tlie  surface  of  a  vessel  of  water,  a  considerable 
body  of  iron  dust  may  be  accumulated  upon  the  surface,  until  at 
length  it  falls  in  large  flakes,  carrying  down  with  it  bubbles  of 
air  of  considerable  size.  The  adhesion  of  these  bubbles  caused 
the  particles  of  iron  to  float,  for  such  particles  are  nearly  eight 
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times  as  heavy  as  water.  Contrasted  with  this  result  is  the  effect 
of  dusting  magnesia  in  fine  powder  over  the  surface  of  water ; 
the  particles,  although  not  one-third  of  the  density  of  the  iron, 
immediately  become  moistened  and  sink.  In  consequence  of  this 
adhesion  of  air  to  their  surface,  many  small  insects  are  enabled 
to  skim  lightly  over  the  surface  of  water,  which  does  not  wet 
them.  If  a  slip  of  clean  platinum  be  placed  in  mercury,  it  is 
found  on  withdrawing  it  to  come  out  dry,  but  if  the  mercury  be 
boiled  on  the  platinum,  the  film  of  air  which  separated  the  two 
metals  is  expelled,  and  the  mercury  will  be  found  to  have  wetted 
the  surface  completely.  It  is  this  adhesion  of  air  to  the  surface 
of  glass  which  renders  it  necessary,  in  making  barometers,  to  boil 
the  mercury  in  the  tubes  after  they  have  been  filled,  in  order 
completely  to  expel  the  film  of  air  with  which  the  tube  is  lined. 
But  the  most  striking  instances  of  adhesion  between  gases  and 
solids  are  exhibited  wnen  finely  divided  bodies  are  made  the  sub- 
ject of  experiment.  We  have  already  had  occasion  to  notice  the 
effect  of  charcoal  when  introduced  into  solutions  (54).  Its  effects 
on  gases  are  equally  remarkable.  If  a  piece  of  well-burnt  box- 
wood charcoal  be  plunged  whilst  red-hot  under  mercury,  and 
introduced  without  exposure  to  the  air  into  a  jar  of  ammonia  or 
of  hydrochloric  acid,  it  will  absorb  these  gases  with  great  rapid- 
ity, and  will  indeed  reduce  them  into  a  bulk  less  than  that  which 
they  would  occupy  in  the  liquid  form.  A  piece  of  freshly-burned 
charcoal  whin  exposed  to  the  air  condenses  moisture  rapidly 
within  its  pores,  and  has  been  observed  to  increase  in  weight  from 
this  cause  nearly  one-fifth,  in  a  few  days. 

Owing  to  this  property  of  charcoal,  water  saturated  with  any 
gases  may  be  freed  from  them  when  filtered  through  a  body  of 
ivory  black:  sulphuretted  hydrogen  may  thus  be  removed  so 
completely,  that  it  cannot  be  detected  either  by  its  nauseous 
odour,  or  by  the  ordinary  tests.  De  Saussure  found  that  freshly- 
burned  boxwood  charcoal  absorbed  different  gases  in  very  differ- 
ent proportions,  as  will  be  seen  in  the  following  tabular  view  of 
his  results,  where  the  bulk  of  the  charcoal  used  in  each  experi- 
ment is  taken  as  1 : —  > 

Absorption  of  Gases  by  Charcoal. 


Ammonia. 90 

Hydrochloric  Acid 85 

Sulphurous  Anhydride. 65 

Sulphuretted  Hydrogen 55 

Nitrous  Oxide.* 40 

Carbonic  Add 85 


defiant  Gas 85 

Carbonic  Oxide 9*4 

Oxygen 9-2 

Nitrogen 7*5 

Marsh  Gas 6*0 

Hydrogen 1*9 


It  will  be  teen  that  these  results  follow  an  order  almost  exact- 
ly the  same  as  that  of  the  solubility  of  the  gases  in  water  (64). 

Different  kinds  of  charcoal  vary  considerably  in  this  absorb- 
ent power.  Stenhouse  found,  on  comparing  equal  weights  of 
three  different  forms  of  charcoal,  that  the  relative  absorbent 
power  of  each  was  as  follows : — 
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G*t  ued. 

Kind  of  Charcoal  employed. 

Wood. 

Pert. 

Animal. 

AmmoniA  .....»....*#*---.  -..--. 

98*5 
45-0 
800 
82-5 
14-0 
0-8 

96-0 
60-0 
285 

10-0 
0-6 

485 

9-0 

1T5 

5-0 

0*5 

Hydrochloric  Acid.. 

Sulphuretted  Hydrogen 

Sulphurous  Anhydride 

Carbonic  Acid 

Orviran 

VTAJgCU ••• 

In  these  experiments,  0*5  gramme  of  each  kind  of  charcoal 
was  employed,  and  the  numbers  in  the  table  indicate,  in  cnbio 
centimetres,  the  quantity  of  each  gas  absorbed.  The  more  recent 
experiments  of  Hunter  and  Angus  Smith  confirm  these  results. 

Charcoal  which  is  saturated  with  one  gas,  if  put  into  a  differ- 
ent gas,  gives  up  a  portion  of  that  which  it  had  first  absorbed, 
and  takes  up  in  its  place  a  quantity  of  the  second.  Finely  divided 
metallic  platinum  also  condenses  in  its  pores  a  large  quantity  of 
many  gases,  amounting  in  the  case  of  oxygen  to  very  many  times 
its  own  volume.  If  a  jet  of  hydrogen  gas  be  allowed  to  fall  in 
the  open  air  upon  a  ball  of  spongy  platinum,  or  platinum  in  a 
fine  state  of  subdivision,  the  metal  becomes  incandescent ;  the 
oxygen  and  hydrogen  combine  rapidly  within  the  pores  of  the 
metal,  and  the  heat  given  out  usually  sets  fire  to  the  jet  of  hy- 
drogen :  ether  and  alcohol  when  dropped1  upon  platinum  Mack, 
another  still  more  finely  divided  form  of  the  metgj,  produce  a 
similar  appearance  of  incandescence.  This  property  of  platinum 
is  turned  to  account  in  effecting  many  important  chemical 
changes. 

(66)  Desiccation  of  Oases — It  frequently  happens  that  in  the 
course  of  his  operations,  the  chemist  requires  the  gases  which  are 
the  subjects  of  his  experiments  to  be  in  a  perfectly  dry  state. 
Gases  are  usually  prepared  in  contact  with  water,  and  hence  be- 
come charged  with  a  variable  quantity  of  gaseous  vapour,  and 
whether  it  be  desired  to  ascertain  their  specific  gravity,  or  to  sub- 
mit other  bodies  to  their  chemical  influence,  it  becomes  necessary 

to  remove  this 
Flo.  88.  moisture    com- 

pletely. For 
this  purpose  the 

Eroperty  of  ad- 
esion  which  we 
are  now  consid- 
ering is  turned 
to  account.  The 
gas  to  be  dried, 
which   we  will 
suppose  to  be  in 
the  act  of  form- 
ation in  the  glass  bottle,  a,  fig.  38,  is  allowed  to  pass  slowly 
through  a  long  tube,  b,  filled  with  fragments  of  fused  potash,  or 
of  chloride  of  calcium,  or  of  quicklime,  or  of  phosphoric  anhy- 
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dride,  or  of  pumice-Btone  moistened  with  oil  of  vitriol,  according 
to  the  nature  of  the  gas.  The  bulb,  d,  may  contain  the  substance 
upon  which  the  action  of  the  gas  is  to  be  exerted,  and  the  gas 
when  it  reaches  it  will  be  in  a  £7  state ;  since  all  the  bodies  just 
mentioned  possess  the  property  of  adhering  strongly  to  water  and 
aqueous  vapour ;  some  of  them,  quicklime  and  phosphoric  anhy- 
dride, for  example,  even  enter  into  chemical  combination  with 
water,  and  if  allowed  a  sufficient  length  of  time,  will  remove 
nearly  every  trace  of  moisture  from  the  gases  which  are  brought 
into  contact  with  them.  The  different  parts  of  the  apparatus  are 
connected  by  flexible  tubes  of  caoutchouc,  0  c. 

Diffusion  of  Oases. 

The  process  of  intermixture  in  gases,  and  the  motions  of  these 
bodies  have  been  even  more  completely  investigated  than  the 
corresponding  processes  in  liquids.  The  movements  of  gases  may 
be  considered  under  four  heads ;  viz., — 

1.  JKjftision,  or  the  intermixture  of  one  gas  with  another. 

2.  Effusion,  or  the  escape  of  a  gas  through  a  minute  aperture 
in  a  thin  plate  into  a  vacuum. 

8.  Transpiration}  or  the  passage  of  different  gases  through 
long  capillary  tubes  into  a  rarefied  atmosphere. 

4.  Osmosis,  or  the  passage  of  gases  through  diaphragms. 

(67)  Di/fysion  of  Oases. — In  consequence  of  the  absence  of 
cohesion  among  the  particles  of  which  eases  and  vapours  consist, 
mixture  takes  place  amongst  these  bodies  very  freely,  and  in  all 
proportions,  very  gjreat  differences  in  density  occur  amongst 
the  gases.  Chlorine  is,  for  instance,  nearly  86  times  as  heavy  as 
hydrogen,  the  lightest  of  the  gases,  so  that  there  is  about  three 
times  as  great  a  difference  between  the  relative  weights  of  these 
two  gases,  as  between  those  of  mercury  and  water.  But  the 
mingling  together  of  gaseous  bodies  of  different  densities  pro- 
duces a  result  very  different  from  that  obtained  by  the  mingling 
together  of  two  liquids,  such  as  mercury  and  water ;  for,  if  these 
liquids  be  mixed  bjr  agitation,  they  separate  the  instant  that  the 
agitation  is  discontinued.  Chlorine  and  hydrogen,  on  the  other 
hand,  when  once  mixed,  never  separate,  however  long  they  may 
remain  at  rest.  Indeed,  if  the  gases  be  placed  in  two  distant  ves- 
sels and  be  allowed  to  communicate  only  by  means  of  a  long 
tube,  the  hydrogen  or  lightest  gas  being  placed  uppermost,  as 
represented  at  h,  fig.  39,  the  heavier  chlorine  in  a  will,  in  the 
course  of  a  few  hours,  find  its  way  into  the  upper  jar,  as  may  be 
aeen  by  its  green  colour,  whilst  the  hydrogen  will  pass  down- 
wards into  the  lower  one,  and  ultimately  the  gases  will  be  equallv 
intermixed  throughout.  If  a  sufficient  interval  of  time  be  al- 
lowed, this  equal  intermixture  occurs  with  all  gases  and  vapours 
which  do  not  act  chemically  upon  each  other ;  and  when  once 
such  a  mixture  has  been  effected  it  continues  to  be  permanent 
and  uniform.  The  rapidity  with  which  this  diffusion  occurs 
varies  with  the  specific  gravity  of  the  gases ;  and,  contrary  to 
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Fig,  8t.  what  a  superficial  consideration  might  lead 

ns  to  suppose,  the  more  widely  the  two  gases 

n  differ  in  density,  the  more  rapid  is  the  pro- 

cess of  intermixture.  If  two  tall  narrow  jais 
of  equal  diameter  be  about  half  filled,  the 
one  with  hydrogen,  the  other  with  common 
air,  which  is  more  than  fourteen  times  as 
heavy  as  the  hydrogen,  so  that  the  water  in 
both  shall  stand  at  the  same  level,  and  a 
small  quantity  of  ether  be  thrown  up  into 
each  jar,  the  ether  will  evaporate  in  both, 
and  cause  in  each,  ultimately,  arf  equal  de- 

5 ression ;  but  the  vapour  or  the  etner  will 
ilate  the  hydrogen  at  first  much  more  rap- 
idly than  the  air,  for  its  vapour  will  become 
more  quickly  diffused  through  the  lighter 
hydrogen.  A  very  simple  ana  striking  illus- 
tration of  the  rapidity  with  which  a  light 
gas  becomes  diffused  into  a  heavier  one,  is 
shown  as  follows: — Take  a  tube  10  or  12 
inches  long,  one  end  of  which  is  closed  with 
a  porous  plug  of  plaster  of  Paris  that  has 
been  allowed  to  become  dry,  and  fill  it  with  hydrogen  gas,  with- 
out wetting  the  porous  plug :  this  is  readily  effected  by  introduc- 
ing the  shorter  limb  of  an  inverted  syphon,  *,  into  the  jar  ft,  fig. 
40,  till  it  reaches  the  top,  and  then  lowering  the  jar  into  a  deep 

vessel  of  water,  a  ;  when  the  air 
has  escaped,  the  open  limb  of  the 
syphon  is  closed  with  the  finger, 
and  the  jar  raised  until  the  syphon 
can  be  conveniently  withdrawn: 
the  jar  can  now  be  filled  with  hy- 
drogen prepared  in  a  retort  in  the 
usual  manner.  If  the  jar  after 
being  filled  with  hydrogen  be  sup- 
ported so  that  the  water  within 
and  without  shall  stand  at  the 
same  level,  the  water,  in  the  jar 
will  immediately  begin  to  rise, 
and  will  continue  to  do  so  in  op- 
position to  gravity,  until,  in  the 
course  of  three  or  four  minutes,  it 
will  stand  some  inches  higher  than 
the  surface  of  the  water  in  the  outer  vessel,  in  consequence  of  the 
hydrogen  passing  out  through  the  pores  of  the  stucco,  and  be- 
coming diffused  into  the  air  much  more  rapidly  than  the  air 
passes  in  and  becomes  diffused  through  the  hydrogen. 

*  Any  dry  porous  substance  may  be  substituted  for  the  plaster; 
a  film  of  collodion  on  paper,  as  Mr.  Graham  has  informed  me, 
gives  excellent  results,  ana  compressed  plumbago  is  still  better. 
By  means  of  this  simple  diffusion  tube,  taking  care  to  mah*- 


Fig.  40. 
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tain  the  surface  of  the  water  within  and  without  the  jar  on  the 
same  level,  as  shown  at  b,  in  order  that  the  results  may  not  be 
interfered  with  by  the  disturbing  force  of  gravity,  Graham  has 
determined  the  law  which  regulates  the  rapiaity  of  gaseous  diffu- 
sion. Experiments  so  made  show  that  the  diffusiveness  or  diffu- 
sion volume  of  a  gas  is  in  the  inverse  proportion  of  the  square 
root  of  its  density ;  consequently  the  squares  of  the  times  of  equal 
diffusion  of  the  different  gases  are  in  the  ratio  of  their  specific 

S.vities.  Thus  the  density  of  air  being  1,  the  square  root  of 
t  density  is  1,  and  its  diffusion  volume  also  iB  1 ;  the  density  of 
hydrogen  is  0*0692,  the  square  root  of  that  density  is  0*2632,  and 
its  diffusion  volume  j?}??  =  3*7994 ;  or  as  actual  experiment 
shows,  3*83 ;  that  is  to  say,  in  an  experiment  conducted  with  due 
precautions,  whilst  1  measure  of  air  is  passing  into  the  diffusion 
tube,  3*83  measures  of  hydrogen  are  passing  out  of  it. 

In  the  case  where  different  gases  are  mixed  and  then  intro- 
duced into  the  diffusion  tube,  eacn  preserves  the  rate  of  diffusion 
peculiar  to  itself.  If,  for  instance,  hydrogen  and  carbonic  acid 
£>e  mixed  and  placed  in  the  diffusion  tube,  the  hydrogen  passes 
out  with  much  greater  rapidity  than  the  carbonic  acid :  a  partial 
mechanical  separation  of  two  gases  differing  in  density  may  thus 
be  effected.* 

*  In  particular  cases  advantage  maybe  taken  of  this  fact  in  the  analysis  of  a  mixture 
of  different  gases.  Suppose  it  be  desired  to  ascertain  whether  a  certain  gas  be  a  mix- 
ture, or  a  simple  gas — to  distinguish,  for  example,  marsh  gas  (2<?H4)  from  a  mixture 
of  equal  measures  of  hydrogen,  and  hydride  of  ethyl  (H,-f-  (?iH#) — the  two  would  give 
exactly  similar  amounts  of  carbonic  acid  and  water  when  detonated  with  oxygen,  But 
suppose  that,  by  endiometrio  analysis 
of  a  portion  of  the  mixture,  the  pro- 
portions of  carbon  and  hydrogen 
nave  been  determined,  if  a  portion 
be  submitted  to  diffusion,  and  the 
residue  be  again  analysed,  the  pro- 
portions of  carbon  and  hydrogen 
will  remain  unaltered  if  the  gas  con- 
sist of  marsh  gas  only ;  whereas,  if 
it  be  a  mixture,  the  proportion  of 
hydrogen  will  be  diminished.  Pebal 
has  ingeniously  applied  this  method 
to  the  examination  of  the  ques- 
tion whether  the  vapours  of  cer- 
tain compounds  which,  like  hydro- 
chlorate  of  ammonia,  yield  an- 
omalous vapour  volumes  are  not 
really,  as-  Oannizzaro  supposes,  mix- 
tures at  those  high  temperatures, 
instead  of  chemical  compounds,  and 
believes  that  he  has  succeeded  in 
demonstrating  the  truth  of  this  hypo- 
thesis (LUfaf*  Atmal.,  cxxiv.  199). 
He  places  a  plug  of  amianthus  (c,  fig. 
41),  on  which  some  fragments  of  sal- 
ammoniac,  d,  are  supported,  within 
a  tube,  Cy  drawn  out  to  a  capillary 
end;  this  tube  is  supported  in  a 
wider  one,  D,  and  a  current  of  hy- 
drogen is  transmitted  through  the  tubes  a  A,  b  B,  which  are  surrounded  by  a  charcoal 
tanaee,  by  which  they  may  be  sufficiently  heated  to  volatilize  the  hydrochlorate  of  am- 
monia.   The  vapours  of  the  hydrochlorate  being  formed  in  the  inner  tube,  above  the 


Fig.  41. 
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Since  all  gases  expand  equally  (134)  by  the  action  of  equal 
additions  of  heat,  their  relative  densities  are  preserved,  and  the 
relative  velocities  of  diffusion  are  therefore  preserved  also,  what- 
ever the  temperature,  provided  that  both  eases  be  heated  equally. 
The  rate  of  diffusion  of  equal  volumes  of  different  gases  becomes, 
as  we  might  expect,  accelerated  by  a  rise  of  temperature ;  for  by 
heat  all  gases  are  rendered  specifically  lighter ;  but  the  rate  of 
diffusion  does  not  increase  so  rapidly  as  the  direct  expansion  of 
gases  by  heat.  Consequently  the  same  absolute  weight  of  any 
gas  will  be  diffused  more  rapidly  at  a  low  than  at  a  high  tem- 
perature. 

The  process  of  diffusion  is  one  which  is  continually  perform- 
ing an  important  part  in  the  atmosphere  around  us.  Accumula- 
tions of  gases,  which  are  unfit  for  the  support  of  animal  and  vege- 
table lite,  are  by  its  means  silently  and  speedily  dispersed,  and 
this  process  thereby  contributes  largely  to  maintain  that  uniform- 
ity in  the  composition  of  the  aerial  ocean  which  is  so  essential  to 
the  comfort  and  health  of  the  animal  creation.  Respiration  it- 
self, but  for  the  process  of  diffusion,  would  fail  in  its  appointed 
end,  of  rapidly  renewing  to  the  lungs  a  fresh  supply  of  air,  in 

Elace  of  that  which  has  been  rendered  unfit  for  the  support  of  life 
y  the  chemical  changes  which  it  has  undergone. 
The  following  table  gives  the  specific  gravity  of  several  im- 
portant gases,  the  square  root  of  the  density,  or  ratio  of  the  times 
required  for  the  diffusion  of  equal  volumes,  if  the  time  for  air  = 
1,  the  reciprocal  of  that  square  root,  or  calculated  diffusiveness 
of  the  gas,  and  the  actual  numbers  obtained  by  experiment,  when 
the  barometric  pressure  and  the  temperature  was  the  same  for 
each  gas. — (Graham,  Phil.  Mag.,  1833,  voL  ii.  p.  352.) 

Diffusion  and  Iffiusion  of  Gases. 


Oml 

Denelty. 

Square  Soot 

i 

Velocity  of 
Diffusion. 
Air=L 

Bate  of 
Kffarion. 

of  Density. 

V  Dewity. 

Hydrogen  • ••■•• 

0*06926 

0*559 

0*6235 

0*9678 

0*9718 

0*978 

1*089 

1*1056 

1*1912 

1*527 

1-52901 

2*247 

0*2682 
0*7476 
0*7896 
0*9887 
0*9856 
0*?889 
1*0196 
1*0515 
1*0914 
1*2857 
1*2865 
1*4991 

8*7994 
1*8875 
1*2664 
1*0165 
1*0147 
1*0112 
0*9808 
0*9510 
0*9162 
0*8092 
0*8087 
0*6671 

8*88 
1*844 

1*0149 
1*0143 
1*0191 

0*9487 

0*95 

0*82 

0*812 

0*68 

3*618 
1*822 

1*0128 
1*0164 
1-0128 

0*950 

0*884 
0*821 

Marsh  Gas 

Ptftftm...r....r     rr..r    -     ,.r 

Carbonic  Oxide 

Nitrogen-*  Ttr-,.«t»t.»t*tt 

defiant  Gas.... 

Nitric  Oxide. 

Oxygen • 

Sulphuretted  Hydrogen 
Nitrons  Oxide 

Carbonic  Acid. 

Sulphurous  Anhydride 

ping  of  asbestos,  ammoniacal  gas  diffuses  through  the  plug  into  the  hydrogen  in  the 
"tube  <?,  and  may  be  demonstrated  by  causing  the  issuing  gas  to  come  into  contact  with 
the  reddened  litmus  paper  in  B  ;  while  the  hydrogen  which  traverses  the  space  between 
the  two  tubes  contains  the  corresponding  hydrochloric  acid,  and  reddens  blue  litmus  in 
A.  Hence  it  is  evident  that  the  sal-ammoniac  when  converted  into  vapour  becomes, 
partially  at  least,  dmociated,  as  Deville  calls  it,  into  its  constituents,  ammonia  and  hy- 
drochloric acid,  since  the  ammonia,  which  is  the  more  diffusible,  passes  out  through  tae 
ping  the  more  rapidly  of  the  two. 
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J 68)  Effusion. — The  numbers  in  the  last  column  of  the  table 
led  *  Kate  of  Effusion,'  are  the  results  obtained  by  experiment 
upon  the  rapidity  with  which  the  different  gases  escape  into  a 
vacuum  through  a  minute  aperture,  about  TH  of  an  inch  in 
diameter,  perforated  either  in  a  thin  sheet  of  metal  or  in  glass, 
(Graham,  JPhil.  Trans.,  1846,  p.  574.)  It  is  evident  that  they 
coincide,  within  the  limits  of  experimental  errors,  ^rith  the  rela- 
tive rates  of  diffusion  of  each  gas ;  and  that  the  velocities  with 
which  different  gases  pass  through  the  same  small  aperture  into 
a  vacuum,  are  inversely  as  the  square  roots  of  the  densities  of  the 
gases.  The  lightest  gas  enters  the  most  rapidly.  Change  in  the 
density  of  the  gas  has  but  little  influence  on  the  rate  of  effusion, 
the  volume-effused  in  a  given  time  being  nearly  uniform,  what- 
ever the  amount  of  condensation  or  of  rarefaction. 

The  rate  of  the  efflux  of  liquids,  when  passing  through  an 
aperture  in  a  very  thin  plate,  is  found  also  to  be  inversely  as  the 
square  roots  of  tneir  densities. 

(69}  Transpiration  of  Oases. — When  gases  are  transmitted 
througn  fine  tubes,  a  result  very  different  from  that  furnished  by 
diffusion  is  obtained,  corresponding  with  the  effect  already  de- 
scribed in  the  case  of  liquids  which  are  allowed  to  escape  through 
fine  tubes.  A  series  of  experiments  on  gases  and  vapours  (Gra- 
ham, Phil.  Trans.,  1846,  and  1849,)  analogous  to  those  upon 
liquids  by  Poiseuille,  already  described  (68),  showed  that  the 
rate  of  efflux  for  each  gas,  or  the  velocity  of  transpiration  (as 
Graham  terms  this  passage  of  gas  through  long  capillary  tubes), 
is  entirely  independent  of  its  rate  of  diffusion.    In  the  perform- 

Fio.  42. 


ance  of  these  experiments,  the  gas  was  placed  over  water,  in  a 
graduated  jar,  fig.  a,  42,  so  suspended  that  the  liquid  in  the  jar 
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and  in  the  bath  could  be  readily  kept  at  the  same  level.  The 
gas  was  dried,  by  passing  it  through  a  tube,  b,  filled  with  chlo- 
ride of  calcium,  and  was  then  allowed  to  enter  through  a  long 
fine  capillary  tube,  o,  into  the  exhausted  receiver  d,  ot  the  air- 
pump,  which  was  sometimes  kept  vacuous  by  continued  pump- 
ing ;  at  other  times,  the  state  of  the  exhaustion  was  ascertained) 
at  intervals,  by  means  of  the  gauge,  o.  In  all  cases,  the  quan- 
tities of  gas  that  entered  in  a  given  time  were  carefully  observed* 

It  is  necessary,  in  order  to  overcome  the  influence  of  effusion, 
and  to  furnish  uniform  results,  to  employ  a  certain  length  of 
tube,  which  increases  with  the  diameter,  and  is  not  uniformly 
the  same  for  all  gases.  If  this  precaution  be  observed,  it  appears, 
when  the  gases  flow  through  capillary  tubes  into  a  vacuum — 

1.  That  the  rate  of  transpiration  for  the  same  gas  increases, 
ocBteris  paribus,  directly  as  the  pressure ;  in  other  words,  equal 
volumes  of  air,  at  different  densities,  require  times  inversely  pro- 
portioned to  the  densities.  For  example,  a  pint  of  air  of  double 
the  density  of  the  atmosphere  will  pass  through  the  capillary 
tube  into  the  vacuum  in  half  the  time  that  would  be  required  for 
a  pint  of  air  of  its  natural  density.  This  is  a  very  remarkable 
result,  and  stamps  the  process  of  transpiration  witn  a  character 
quite  unlike  that  of  diffusion  or  effusion.  2.  That  with  tubes  of 
equal  diameter,  the  volume  transpired  in  equal  times  is  inversely 
as  die  length  of  the  tube :  if  30  cubic  inches  were  transpired 
through  a  tube  10  feet  lone,  in  five  minutes,  a  similar  tube,  20 
feet  in  length,  would  only  allow  the  passage  of  15  cubic  inches  in 
the  same  time.  3.  That  as  the  temperature  rises,  the  transpira- 
tion of  equal  volumes  becomes  slower.  4.  That  whether  the  tubes 
were  of  copper  or  of  glass,  or  whether  a  porous  mass  of  stucco 
were  used,  tne  same  uniformity  in  the  results  was  obtained.  By 
comparing  together  different  gases  under  similar  circumstances, 
the  rate  of  transpiration,  or  rapidity  of  passage  into  a  vacuum 
through  a  capillary  tube,  was  round  to  vary  with  the  chemical 
nature  of  the  gas.  These  velocities  of  different  gases  bear  a  con- 
stant relation  to  each  other,  totally  independent  of  their  densities, 
or  indeed  of  any  other  known  property  of  the  gases. . 

Graham  considers,  that  it  is  most  probable  that  the  rate  of 
transpiration  is  the  resultant  of  a  kind  of  elasticity  depending 
upon  the  absolute  quantity  of  heat,  latent  as  well  as  sensible, 
which  different  gases  contain  under  the  same  volume ;  and  there- 
fore that  it  will  be  found  to  be  connected  more  immediately  with 
the  specific  heat  than  with  any  other  property  of  gases. 

Of  all  the  gases  tried,  oxygen  has  the  slowest  rate  of  trans- 
piration ;  and  hence  that  gas  may  be  conveniently  taken  as  the 
standard  of  comparison  for  the  other  gases,  as  has  been  done  in 
the  following  table,  which  shows  the  relative  times  in  which 

XI  volumes  of  the  different  gases  are  transpired,  and  their 
ive  velocities,  which  are  of  course  inversely  as  the  times. 
A  mixture  consisting  of  equal  volumes  of  two  gases  which 
differ  in  their  rates  of  transpiration,  does  not  always  exhibit  a 
transpirability  which  is  the  mean  of  that  of  the  two  gases  when 
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separate.  The  transpiration-time  of  hydrogen  is  greatly  pro- 
longed by  admixture  with  oxygen ;  equal  volumes  of  these  two 
gases  had  a  rate  of  0*9008  instead  of  0*72  which  would  be  the 
mean  of  the  two. 

Transpirability  of  Oases. 


°fW» • '- 

Air  .„ 

( Nitrogen 

i  Nitric  Oxide.; -. 

I  Carbonic  Oxide 

(Nitrons  Oxide. 

i  Hydrochloric  Add.... 

(Carbonic  Acid 

Chlorine 

Sulphurous  Anhydride 
Sulphuretted  Hydrogen, 
Marsh  Gas 

Ajnimynfa • 

Cyanogen  ~ .. 

Olefiant  Gas 

Hydrogen 


Times  for 

TnuMpirfttion  of 

Equal  Volumes. 


10000 
0*9080 
0-8768 
0'87ft4 
0-8787 
0-7498 
0-7868 
0*7800 
0*6664 
0*6500 
0*6195 
0*5510 
0*5115 
0*5060 
0*5051 
0-4870 


YelocUyof 
Transpiration. 


1*0000 

1*1074 

1141 

1141 

1*144 

1-884 

1-861 

1*869 

1-500 

1-588 

1-614 

1*815 

1*985 

1-976 

1-980 

2*288 


In  the  following  table  the  transpirability  of  some  vapours  is 
given.  These  results,  however,  from  the  necessity  of  experiment- 
ing upon  the  bodies  in  a  state  of  mixture  with  some  permanent 
gas,  have  not  hitherto  been  determined  with  a  precision  equal  to 
tnat  attained  in  the  gases  above  enumerated : — 

Transpirability  of  Vapours. 

(Times  required  for  equal  volumes.) 


Oxygen 1-0000 

Bromine(about) 1*0000 

Sulphuric  Anhydride 1*0000 

Bisulphide  of  Carbon 0*6195 

Chloride  of  Methyl 0*5475 


Chloride  of  Ethyl 0-4988 

Oxide  of  Methyl 0*4826 

Hydrocyanic  Acid 0*4600 


Ether. 


0*4400 


Some  very  simple  relations  in  the  transpirability  of  several  of 
the  forgoing  gases  may  be  observed.    Thus  it  has  been  found — 

1.  xnat  equal  weights  of  oxygen,  nitrogen,  air,  and  carbonic 
oxide  are  transpired  in  equal  times. 

2.  That  the  velocities  of  nitrogen,  nitric  oxide,  and  carbonic 
oxide  are  equal. 

3.  That  the  velocities  of  hydrochloric  acid,  carbonic  acid,  and 
nitrous  oxide  are  equal. 

«±.  That  the  velocity  of  hjrflrogen  is  double  that  of  nitrogen, 
of  carbonic  oxide,  and  of  nitric  oxide. 

5.  That  the  velocities  of  chlorine  and  oxygen  are  as  3  :  2. 

6.  That  the  velocities  of  hydrogen  and  marsh  gas  are  a§  5  :  4. 

7.  That  olefiant  gas,  cyanogen,  and  ammonia  nave  each  near- 
ly double  the  velocity  of  oxygen. 

8.  That  the  transpiration-time  of  hydrogen  is  the  same  as  that 
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of  the  vapour  of  ether,  and  that  of  sulphuretted  hydrogen  is  the 
same  as  the  transpiration  time  of  the  vapour  of  bisulphide  of 
carbon. 

Carbonic  oxide  and  nitrogen  have  the  same  density  and  die 
same  rate  of  transpiration ;  so  have  carbonic  acid  and  citrous 
oxide.  The  rates  of  transpiration  of  atmospheric  air,  oxygen, 
nitrogen,  and  carbonic  oxide  are  likewise  in  (Erect  proportion  to 
their  densities ;  but  these  seem  to  be  concurrences  rather  than 
necessary  consequences,  as  no  regular  connexion  between  the 
transpiration-time  and  the  density  of  the  gas  can  be  traced. 

(70)  Passage  of^  Oases  through  Diaphragms. — As  in  the  case 
of  the  diffusion  of  liquids  the  results  are  modified  by  the  employ- 
ment of  a  diaphragm,  and  the  introduction  of  the  disturbing  force 
of  adhesion  to  the  material  of  which  it  consists,  so  it  is  also  in 
respect  to  gases.  This  disturbance  of  the  law  of  diffusion  is  espe- 
cially seen  in  the  case  of  soluble  gases,  when  the  diaphragm  is 
moist.  If  a  moist  thin  bladder,  or  a  rabbit's  stomach,  be  distend- 
ed with  air,  and  suspended  in  a  jar  of  carbonic  acid  gas,  the  car- 
bonic acid,  being  soluble  in  the  water  with  which  the  membrane 
is  wetted,  is  conveyed  through  its  pores  by  adhesion,  and  passes 
rapidly  into  the  inside :  the  air  in  the  interior  is  but  sparingly 
soluble,  and  is  transmitted  outwards  very  slowly ;  the  carbonic 
acid  consequently,  notwithstanding  its  lower  difrasive  power,  ac- 
cumulates within,  and  at  length  often  bursts  the  bladder.  A 
similar  phenomenon,  arising  from  the  same  cause,  is  exhibited  on 
placing  a  jar  of  air,  the  mouth  of  which  is  covered  by  a  film  of 
soapy  water,  in  a  vessel  of  nitrous  oxide.  Where  the  diaphragm 
does  not  exert  this  solvent  power,  the  usual  law  of  diffusiveness 

prevails.   This  is  strikingly 
*"»•  48«  exemplified  \>j  taking  two 

similar  small  jars,  shown  at 
A  and  h,  fig.  43,  h  being 
filled  with  hydrogen,  a  with 
air,  and  tying  a  sheet  of  car 
outchouc  over  the  open 
mouth  of  each.  Over  the 
one  containing  air  invert  a 
large  jar  full  of  hydrogen, 
h'  ;  leave  the  other  exposed  in  a  jar  of  air,  a'  ;  in  the  course  of 
ten  days  or  a  fortnight  the  caoutchouc  over  the  jar  filled  with  air 
will  have  become  convex  from  the  endosmosis  of  the  hydrogen ; 
over  the  other  -it  will  have  become  concave  from  its  exosmosis ; 
the  motion  of  the  hydrogen  in.  both  cases  through  the  caoutchouc 
being  more  rapid  than  the  simultaneous  passage  of  the  air  through 
it  in  the  opposite  direction.  Caoutchouc  has,  like  charcoal,  the 
power  of  condensing  large  quantities  of  many  gases  by  the  force 
of  adhesion ;  for  example,  it  rapidly  absorbs  ammonia,  nitrous 
oxide,  and  sulphurous  anhydride.  Indeed,  it  is  impossible  to 
employ  any  diaphragm  in  which  this  disturbing  force  is  not  in  a 
certain  degree  ooservable ;  ev^n  with  plaster  of  Paris  it  is  appre- 
ciable, and  slightly  modifies  the  experimental  results  of  diffu- 
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sion :  *  where  condensation  occurs  in  the  membrane  to  a  large 
amount,  the  gas  is  frequently  reduced  in  bulk  as  much  as  would 
be  needed  for  its  liquefaction ;  it  then  evaporates  from  the  oppo- 
site surface  of  the  diaphragm  into  the  otner  gas,  just  as  a  very 
volatile  liquid  would  do. 

The  phenomena  of  diffusion  in  gases  were  viewed  by  Dalton 
as  a  necessary  consequence  of  the  self-repulsive  property  of  the 
particles  of  gaseous  bodies.  He  considered  that  each  gas  ulti- 
mately dilates  until  the  whole  space  through  which  the  diffusion 
occurs  is  filled  with  an  atmosphere  of  that  gas,  of  a  density  pro- 

Suctioned  to  the  quantity  of  the  gas  present.  Observation  shows 
at  each  gas  becomes  diffused  through  a  limited  space  filled 
with  any  other  gas,  as  it  would  do  into  a  vacuum,  the  other  gas 
only  acting  mechanically  to  retard  the  period  at  which  such  uni- 
formity of  diffusion  is  attained. 

It  has  been  remarked  by  Graham,  that  if  this  view  were  true, 
there  should  be,  contrary  to  experience,  a  depression  of  tempera- 
ture when  two  gases  become  intermixed.  It  does  not,  however; 
appear  that  this  is  a  necessary  consequence,  since  the  particles  of 
each  gas  may  merely  glide  amongst  those  of  the  other  kind,  as 
the  particles  of  water  do  amongst  those  of  sand,  the  self-repulsion 
of  the  particles  still  being  the  power  which  determines  the  process 
of  diffusion. 

The  phenomena  of  the  diffusion  of  liquids  seem,  however,  to 
be  more  easily  reconciled  with  the  supposition  of  a  feeble  super- 
ficial attraction  between  the  particles  of  one  liquid  and  those  of 
another,  and  the  supposition  that  an  analogous  attraction  exists 
between  the  particles  of  one  gas  and  those  of  a  gas  of  different 
nature  might  sufficiently  account  for  the  process  of  intermixture 
in  the  case  of  elastic  fluids. 

It  is  to  be  borne  in  mind  that  in  the  intermixture  of  gases, 
the  diffusion  volume  has  no  necessary  relation  to  the  chemical 
equivalent  or  supposed  atomic  weight  of  the  body.  The  ratios 
wnich  have  been  observed  are  dependent  upon  the  relative  den- 
sity of  the  gases  compared,  quite  irrespective  of  the  combining 
proportion.  In  liquids,  a  similar  want  of  connexion  between  the 
chemical  equivalents  and  the  diffusion  volume  is  observed ;  the 
relation  in  this  case  is  a  multiple  of  the  absolute  weight  diffused. 

(71)  Separation  of  Bodies  lv  Cold  or  Seat. — It  often  hap- 
pens, where  adhesion  has  proceeded  so  far  as  to  produce  the  solu- 
tion of  a  solid  in  a  liquid,  as.  in  the  cases  just  considered,  that  the 
chemist  has  occasion  to  destroy  this  adhesion,  and  to  obtain  one 
substance  or  both  of  them  in  a  separate  form.  This  separation  is 
generally  effected  with  the  aid  of  heat.  Depression  ot  tempera- 
ture will  sometimes  cause  the  cohesion  of  the  particles  of  the  solid 
to  acquire  the  ascendancy  over  the  force  of  adhesion.    When,  for 

*  Hansen,  in  Ms  experiments  (0atom4ry,  translated  by  Roscoe,  pp.  198*288),  need 
a  ping  of  gypsum  from  half  an  inch  to  an  inch  in  thickness,  and  the  results  showed  that 
the  phenomena  of  transpiration  must  also  be  allowed  for,  but  from  estimating  its  im- 
portance unduly,  he  was  led  to  question  the  accuracy  of  Graham's  law  of  diffusion,  which 
Is  no  doubt  correct* 
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example,  brandy  is  exposed  to  intense  cold,  many  degrees  below 
that  necessary  to  freeze  water,  the  spirituous  portion  retains  its 
liquid  form,  and  separates  from  the  aqueous  part,  which  solidifies 
as  ice.  An  instance  of  this  sort  occurs  in  nature  on  a  vast  scale, 
in  the  pure  fresh-water  ice  which  is  formed  over  thousands  of 
square  miles  of  ocean  round  the  northern  and  the  southern  poles. 
Indeed  water,  in  the  act  of  freezing,  becomes  completely  sepa- 
rated from  everything  which  is  previously  held  in  solution.  It  is 
owing  to  the  separation  of  air  previously  dissolved  in  the  water, 
that  ice  so  often  presents  a  biebby,  honeycombed  appearance. 
Faraday  has  shown  that,  even  on  a  small  scale,  this  complete 
separation  of  foreign  matters  from  water  may  be  easily  effected 
by  the  nrocess  of  freezing : — If  sulphuric  acid,  or  a  strong  solu- 
tion of  indigo,  or  one  of  common  salt,  be  mixed  with  90  or  100 
times  its  bulk  of  water,  and  this  mixture  be  placed  in  a  tube  of 
about  an  inch  in  diameter,  and  immersed  in  a  freezing  mixture 
(175),  at  the  same  time  that  the  separation  of  the  foreign  matter 
is  mechanically  facilitated  by  stirring  the  liquid  round  and  round 
briskly  and  constantly  with  a  feather,  the  sides  of  the  tube  will, 
in  a  few  minutes,  be  lined  with  a  coat  of  transparent,  chemically 
pure  ice,  all  the  foreign  matters  having  accumulated  in  the  cen- 
tral portion,  which  stul  remains  liquid. 

In  like  manner,  gases  may  be  in  a  great  measure  freed  from 
oondensible  vapours  by  exposing  them  to  a  very  low  tempera- 
ture. Air  saturated  with  moisture  may  be  rendered  nearly  dry 
by  causing  it  to  traverse  a  long  tube,  cooled  down  by  immersion 
in  a  mixture  of  ice  and  salt 

Elevation  of  temperature  is  still  more  often  resorted  to  for  the 
separation  of  bodies  in  solution :  when,  for  instance,  a  solution  of 
common  salt  in  water  is  exposed  to  heat,  the  repulsive  power  of 
this  agent  overcomes  the  cohesion  of  the  water,  as  well  as  its  ad- 
hesion to  the  salt;  the  water  assumes  the  aeriform  condition, 
passes  off  in  steam,  and  leaves  the  salt  behind  in  the  solid  state. 
This  process  is  termed  evaporation.  It  proceeds  rapidly  in  shal- 
low, open  vessels,  in  which  case  the  liquid  escapes  into  the  air. 
If  it  be  necessary  to  preserve  the  solvent,  the  operation  is  con- 
ducted in  a  closed  vessel,  such  as  a  retort,  and  connected  with  a 
suitable  condensing  apparatus,  so  as  to  effect  a  distillation  of  the 
liquid.  The  same  process  may  be  applied  to  effect  a  partial  sep- 
aration of  liquids  of  different  degrees  of  volatility,  and  spirit  of 
wine  is  thus  more  or  less  perfectly  separated  from  water. 

§IY.  Crystallization. 

(72)  Modes  of  procuring  Crystals.— It  might  be  anticipated 
that  when  cohesion  slowly  recovers  its  ascendancy,  this  force 
would  exert  itself  throughout  the  mass  equally  in  all  directions, 
and  that  a  globular  concretion  would  be  the  result,  as  when  oil 
separates  from  mixture  with  dilute  spirit  of  a  specific  gravity 
precisely  equal  to  its  own.  The  fact,  however,  is  quite  otherwise, 
for  as  a  general  rule  cohesion  is  not  exerted  equally  in  all  direc- 
tions in  solids.    In  the  majority  of  instances,  where  solid  bodies 
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are  allowed  to  separate  slowly  from  their  solutions,  they  are 
found  to  assume  regular  geometrical  forms.  Each  substance  has 
its  own  peculiar  form.  Such  regular  geometrical  solids  are 
termed  crystal*. 

By  these  differences  in  form,  the  materials  which  constitute 
the  crystallized  mass  may  often  be  distinguished  from  each  other. 
For  example,  common  salt  crystallizes  in  cubes,  alum  in  octohe- 
dra,  saltpetre  or  nitre  in  six-sided  prisms,  Epsom  saltB  in  four* 
sided  prisms,  and  so  on.  The  more  slowly  and  regularly  the 
process  is  allowed  to  proceed,  the  larger  and  more  regular  are  the 
crystals.  The  usual  method  of  obtaining  crystals  is  to  form  a 
strong  solution  of  the  salt  in  hot  water,  for  most  bodies  are  more 
freely  soluble  in  water  when  it  is  at  an  elevated  temperature  than 
when  cold ;  as  the  liquid  cools,  the  cohesion  of  the  salt  resumes 
its  ascendancy,  and  the  crystals  shoot  through  the  liquid :  in  this 
way  ciystals  of  nitre  are  easily  procured. 

It  is  not  necessary,  however,  that  the  liquefaction  should  in 
all  cases  take  place  through  the  intervention  of  an  indifferent 
liquid  such  as  water :  mere  fusion  of  the  substance,  followed  by 
slow  cooling  so  as  to  allow  it  freely  to  obey  the  molecular  attrac- 
tion, is  in  many  instances  sufficient  to  produce  crystals.  If  8  or 
10  lb.  of  sulphur  or  of  bismuth  be  fused  in  a  crucible,  and,  after 
it  has  cooled  sufficiently  to  become  solid  upon  the  surface,  the 
crust  be  broken  through  and  die  yet  liquid  sulphur  or  bismuth 
be  poured  out,  the  inner  surface  of  the  solid  portion  will  be  found 
to  be  lined  with  prismatic  transparent  crystals  of  sulphur,  or  bril- 
liant hollow  cubes  of  me- 
tallic bismuth.  Water  on  ***•  **• 
solidifying  often  shoots  in- 
to beautiful  crystals,  as 
may  be  seen  in  the  forms 
of  snow  flakes,  fig.  44, 
which  fall  during  a  hard 
frost.  The  forms  of  these 
flakes  are  all  derived  from 
the  six-sided  plate,  No.  1 ; 
the  separate  crystals  in  the 

groups,  2,  8,  4,  5,  6,  7,  8,  all  cross  each  other  at  angles  of  60* 
and  120°,  though  they  vary  in  the  complexity  of  their  arrange- 
ment. 

In  tita  bowels  of  the  earth,  temperatures  which  man  can  hard- 
ly attain  in  hid  furnaces,  have  been  acting  for  ages ;  processes  of 
tooling  of  the  most  regular  and  gradual  kind  have  been  proceed- 
ing, and  a  great  variety  of  combinations  have  been  effected  under 
the  pressure  of  the  superincumbent  strata :  by  the  combined  ope- 
ration of  these  causes  many  crystalline  substances  of  mineral  ori- 
gin have  been  formed,  which  we  have  not  succeeded  in  imitating, 
although  a  close  examination  of  the  slags  of  our  iron  furnaces  re- 
Teals  new  artificial  formations  of  this  nature :  and  the  number  of 
those  combinations,  previously  unattained  by  art,  is  gradually 
being  diminished. 
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Ebelmen  (Ann.  d*  Chimie,  HI.  xxii.  211)  succeeded  in  pro- 
ducing a  variety  of  artificially  crystallized  compounds,  which 
were  before  only  known  as  natural  minerals,  by  dissolving  their 
constituents  in  boracic  or  in  phosphoric  acid,  or  in  one  of  their 
salts,  and  then  subjecting  the  mixture  to  an  intense  and  long- 
sustained  heat  in  a  furnace  used  for  baking  porcelain ;  the  acid, 
or  other  compound  employed  as  the  solvent,  was  thus  very  slowly 
volatilized,  and  various  crystals  were  obtained,  including  spinelle, 
chrome  iron,  emerald,  and  corundum  or  ruby.  Deville  and  Ca~ 
ron  (Comptea  Rendu*,  xlvi.  764)  have  extended  these  experiments. 
Thev  introduced  the  fluorides  of  certain  metals  into  a  crucible 
lined  with  charcoal,  and  containing  a  quantity  of  boracic  anhy- 
dride supported  in  a  small  cup  of  carbon.  The  cover  of  the  cru- 
cible was  then  carefully  luted  on,  and  the  whole  exposed  for  an 
hour  or  two  to  an  intense  white  heat.  Under  these  circum- 
stances the  metallic  fluoride  and  the  boracic  anhydride  were 
slowly  volatilized,  the  vapours  decomposed  each  other,  and  ctyb- 
talfl  were  formed.  Ferric  fluoride  when  thus  treated  yielded 
magnetic  oxide  of  iron  in  octohedral  crystals.  Fluoride  of  zirco- 
nium yielded  dendritic  crystals  of  zirconia ;  a  mixture  of  fluoride 
of  aluminum  and  fluoride  of  glucinum  furnished  chrysoberyl; 
fluoride  of  aluminum  mixed  witn  fluoride  of  zinc  yielded  crystals 
of  gahnite ;  and,  by  the  use  of  appropriate  mixtures,  staurolite 
and  other  crystallized  bodies  previously  only  known  as  native 
minerals  were  procured.  The  success  that  has  attended  these 
investigations  oners  everjr  inducement,  to  those  who  have  the  op- 
portunity, to  pursue  this  interesting  subject. 

The  prolonged  action  of  water  at  high  temperatures,  such  as 
can  only  be  obtained  under  pressure,  often  furnishes  crystalline 
compounds  which  cannot  otherwise  be  procured.  Acting  upon 
a  knowledge  of  this  fact,  De  Senarmont,  by  operating  in  closed 
vessels  witn  water  upon  various  compounds,  at  temperatures 
ranging  between  266°  and  572°,  succeeded  in  obtaining  m  a  crys- 
tallized condition  the  principal  minerals  which  occur,  in  metal- 
liferous veins,  including  quartz,  carbonates  of  iron,  manganese 
and  zinc,^  sulphate  of  barium,  sulphide  of  antimony,  mispickel, 
and  red  silver  ore,  as  well  as  anhydrous  oxide  of  iron,  and  corun- 
dum.   (Ann.  de  Chimie,  III.  xxxii.  129.) 

The  prolonged  action  of  water  at  moderate  temperatures  may 
often  also,  as  Daubr6e  has  shown,  cause  the  formation  of  compli- 
cated crystallized  minerals.  It  was  found  by  this  mineralogist 
that  the  zeolites  apophyllite,  chabasite,  and  harmotome,  have 
gradually  been  produced  in  the  concrete  laid  down  by  the 
Romans  around  the  channels  of  outflow,  at  the  hot  springs  of 
Plombi&res.* 

*  This  concrete  rests  in  part  on  granite  and  in  part  on  alluvial  gravel  The  mineral 
water  flows  out  at  a  temperature  ranging  between  140°  and  160°  F.  It  is  very  dilute, 
containing  not  more  than  0*8  per  1000  of  saline  matters,  or  21  grains  per  gallon.  It 
holds  in  solution  small  quantities  of  silica,  and  salts  of  sodium,  potassium,  calcium,  and 
aluminum.  These  substances  thus,  in  almost  infimt^m^  quantities,  penetrate  the  con- 
crete by  a  very  slow  infiltration,  and  in  the  lapse  of  ages  have  altered  its  composition, 
and  deposited  regularly  crystallized  seolitio  minerals. 
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It  is  not  in  all  cases  necessary  that  liquefaction  should  take 
place  as  a  preliminary  to  crystallization :  the  deposition  of  a  solid 
from  the  gaseous  state  sometimes  occurs  in  crystalline  forms: 
iodine,  arsenious  anhydride,  sulphur,  iodide  of  mercury,  and 
camphor,  offer  illustrations  of  this  mode  of  crystallization. 

(73)  Separation  of  Salte  by  On/staMization.— -The  process  of 
crystallization  from  solution  often' affords  a  means  of  separating 
two  salts  of  unequal  solubility,  the  crystalline  form  of  which  is 
different,  and  which  have  no  chemical  action  on  each  other :  nitre 
is  thus  purified  from  the  common  salt  which  always  occurs  mixed 
with  it  This  process  is  very  generally  resorted  to  as  a  means  of 
purifying  salts  from  small  quantities  of  foreign  admixtures,  which 
may  oe  soluble  in  water,  but  which  either  do  not  crystallize,  or 
if  they  crystallize,  do  not  do  so  in  dilute  solutions.  Each  crystal- 
lization diminishes  the  quantity  of  adhering  impurity,  and  after 
the  process  has  been  repeated  three  or  tour  times,  dissolving 
each  successive  crop  of  crystals  in  fresh  portions  of  pure  water, 
the  product  will  in  most  cases  be  free  from  impurity.  The  crys- 
tallization of  sea  salt  from  sea  water  thus  separates  the  chloride 
of  sodium  from  chloride  of  magnesium,  and  from  various  other 
salts,  which  are  present  with  it  in  small  proportions :  a  single  crys- 
tallization gives  the  salt  sufficiently  pure  for  commercial  purposes, 
though  it  is  in  this  state  far  from  being  chemically  free  from  the 
bodies  which  accompany  it  in  the  waters  of  the  ocean.  A  single 
crystallization  of  many  salts,  however,  may  be  made  to  furnish 
the  salt  very  nearly  chemically  pure,  if  the  solution  be  briskly 
stirred  whilst  the  crystals  are  being  deposited.  The  salt  is  thus 
deposited  in  minute  detached  grains ;  and  if  these  are  placed  to 
drain,  and  washed  with  a  saturated  solution  of  the  pure  salt,  as  is 
practised  in  the  refining  of  nitre,  the  mother  liquor,  which  re- 
tains the  impurities  dissolved,  may  be  completely  washed  away ; 
but  if  the  crystals  be  allowed  to  be  deposited  slowly  and  to  ac- 

Suire  a  large  volume,  the  mother  liquor  is  retained  between  the 
lyers  of  each  crysfad,  and  cannot  be  thoroughly  displaced  by  the 
pure  solution.  Bodies  which  possess  the  same  crystalline  form, 
such  as  sulphate  and  chromate  of  potassium,  cannorthus  be  sepa- 
rated from  each  other  by  crystallization. 

(74)  Sudden  OrystaUiaaMon ;  Nuclei.— Where  this  forces  of 
cohesion  and  adhesion  are  nearly  balanced,  as  in  saturated  solu- 
tions, very  slight  causes  may  occasion  the  cohesion  to  preponder- 
ate ;  and  when  once  this  force  has  been  set  in  action,  its  influence 
spreads  rapidly  throughout  the  mass.  Water,  for  example,  in  a 
still  atmosphere,  may  be  cooled  8  or  10  degrees  below  tne  freez- 
ing point,  and  yet  continue  liquid ;  but  the  slightest  vibration  of 
the  vessel  causes  sudden  crystallization  of  a  portion  of  the  liquid 
into  ice.  Sometimes  a  similar  effect  is  produced,  as  in  the  case 
of  Glauber's  salt,  by  the  sudden  admission  of  air  to  the  solution 
of  the  salt  saturated  at  a  high  temperature,  and  from  which  the 
air  has  been  expelled  by  boiling. 

Adhesion  to  a  solid  body  may  be  sufficient  to  disturb  the 
balance ;  thus,  the  dropping  in  of  a  similar  crystal,  the  insertion 
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of  a  thread,  or  of  a  wire,  or  of  a  piece  of  stick,  if  not  sufficient  to 
cause  sudden  crystallization,  will  generally  determine  the  spot 
upon  which  the  crystals  are  first  formed,  especially  if  the  foreign 
body  or  nucleus  be  rough  and  irregular  in  its  outline.  For  this 
reason  threads  are  stretched  across  the  vessels  in  which  the  pure 
solution  of  sugar  is  set  aside  to  crystallize  in  the  manufacture  of 
sugar-candy;  so  also  wooden  rdiJs  are  placed  in  solutions  of 
acetate  of  copper,  and  copper  wires  are  suspended  in  solutions 
of  borax  in  order  to  facilitate  the  crystallization  of  the  salt 

(75)  Circumstances  which  modify  Crystalline  Farm. — The 
volume  of  crystals  is  often  influenced  by  circumstances  appa- 
rently trivial.  Muddy  solutions  generally  yield  the  largest  crys- 
tals, as  is  well  seen  in  the  manufacturing  process  for  obtaining 
citric  and  tartaric  acids,  where  the  impure  acid  always  forms  the 
finest  crystals.  Occasionally  the  presence  of  a  substance  in  the 
liquid  which  does  not  crystallize  with  the  salt,  yet  modifies  the 
form  which  the  latter  assumes ;  urea,  for  instance,  occasions  the 
deposition  of  common  salt  in  octohedra  instead  of  its  usual  form 
of  the  cube.  It  was  also  found  by  Jacobsen  (Pogg.  Annal.,  cxiii. 
498)  that  chloride  of  sodium,  which  crystallizes  ordinarily  in 
cubes,  could  be  obtained  at  pleasure  in  the  heraihedral  form  ob- 
served by  Marbach,  by  touching  one  of  the  regular  cubic  crystals 
of  the  salt  with  a  little  fat  or  wax,  and  replacing  it  in  the  mother 
liquor.  A  similar  modifying  influence  on  the  form  of  the  crystal 
was  produced  by  the  addition  of  small  quantities  of  urea,  of  gly- 
cerine, or  of  crude  acid  tartrate  of  potassium  to  the  mother  liquor. 

The  investigations  of  Pasteur  (Ann.  de  Chimie,  III.  xlix.  5) 
have  thrown  an  interesting  light  upon  some  of  the  causes  which 
thus  operate  in  modifying  the  form  of  crystals.  The  crystals 
which  were  particularly  examined  by  him  were  those  of  bimalate 
of  ammonium,  and  of  formiate  of  strontium.  Bimalate  of  am- 
monium, when  it  is  deposited  in  the  cold  from  a  pure  saturated 
solution  of  the  salt,  crystallizes  in  the  form  shown  in  No.  1,  fig. 
46 — a  form  derived  from  a  right  prism  with  a  rhombic  base. 


Fig.  45. 
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Sometimes,  however,  the  crystals  exhibit  the  double  bevel  shown 
in  No.  2.  When  the  salt  is  deposited  from  a  solution  containing 
products  of  the  decomposition  of  the  bimalate  by  heat,  it  assumes 
a  hemihedral  modification,  similar  to  one  or  other  of  those  shown 
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in  fig.  46.  The  bimalate  has  a  ready  cleavage  parallel  to  the 
sides  a  b  and  o  n  (fig.  45).  If  a  crystal  of  the  form  of  1  or  2  he 
broken  across,  as  in  fig.  47,  and  be  transferred  to  a  portion  of 
pure  saturated  mother  liquor,  the  bevel  is  rapidly  restored :  it 


Fro.  46. 


Fig.  47. 
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Fig.  48. 


makes  its  appearance  first  along  the  edges  of  the  cleavage  plane, 
z  t,  and  the  growth  of  the  crystal  is  more  rapid  in  the  direction 
perpendicular  to  the  plane  of  cleavage  than  it  is  in  the  direction 
parallel  with  it.  If  the  crystal  be  cut  at  one  of  its  angles  as  at 
a,  fig.  48,  the  notch  becomes  rapidly  filled  up,  as  shown  in  the 
figure,  and  when  the  form  of  the  crystal  is  re- 
storecL,  its  growth  again  becomes  regular  in  all 
directions. 

The  general  conclusion  to  which  these  obser- 
vations point,  is — that  when  a  broken  crystal  is 
replaced  in  its  mother  liquor,  it  continues  to  in- 
crease in  every  direction ;  but  that  its  growth  is 
especially  active  upon  the  broken  surfaces,  in  con- 
sequence of  which  the  general  outline  of  the  figure 
is  restored  in  a  few  hours. 

If  a  hemihedral  crystal,  such  as  either  of  those  shown  in 
fig.  46,  be  placed  in  a  saturated  solution  of  the  pure  bimalate, 
the  hemihedral  faces  quickly  disappear,  as  the  artificial  in- 
jury does.  On  the  other  hand,  if  perfect  crystals  be  placed 
m  a  mother  liquid  depositing  hemihedral  crystals,  the  hemihe- 
dral form  is  speedily  developed  upon  the  newly  introduced  crys- 
tals, the  hemihedral  crystal  growing  most  rapidly  in  the  direction 
of  its  length,  a  b,  whilst  the  regular  crystal  increases  most  rapid- 
ly in  the  direction  of  its  breadth,  a  o. 

In  reflecting  upon  this  last  observation,  it  occurred  to  Pasteur 
that  if  he  could  by  mechanical  means  compel  a  crystal  to  increase 
more  rapidly  in  length  than  in  breadth,  he  might  compel  a  pure 
solution  to  deposit  hemihedral  crystals.  He  accordingly  pasted 
strips  of  tinfoil  over  the  sides  of  a  well  formed  crystal  of  the  bi- 
malate, and  having  produced  cleavage  planes  at  the  two  ends 
parallel  to  a  b,  he  placed  it  in  a  pure  solution  of  the  bimalate ; 
on  the  following  day  the  bevels  had  reappeared  alone  the  broken 
faces,  and  each  of  the  four  solid  angles  of  the  crystal  exhibited  a 
hemihedral  face.  When  the  tinfoil  was  pasted  along  one  edge 
only  of  the  crystal,  the  hemihedral  faces  were  developed  on  that 
side  only. 

(76)  Change  qf  Volume  in  OryifaMizvng.— Some  change  of 
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bulk  usually  occurs  at  the  moment  of  solidification ;  in  many  in- 
stances expansion  is  produced.  Ice,  for  example,  at  the  moment 
of  congelation,  increases  in  bulk  about  T'T,  ana  expands  so  forci- 
bly as  to  burst  the  vessel  in  which  it  is  contained.  Instances  of 
this  occur  during  severe  frosts  in  the  pipes  used  for  conveying 
water.  This  expansive  force  is  so  enormous  that  no  vessels  nave 
been  found  sufficiently  strong  to  resist  it.  The  most  compact  ice 
has  a  specific  gravity  of  0*923 :  1000  parts  of  water  at  32°  be- 
come dilated  on  freezing  to  1088.*  It  is  owing  to  the  expansion 
which  occurs  at  the  moment  of  solidification  m  iron  and  New- 
ton's fusible  metal,  that  they  answer  so  admirably  for  castings. 
Other  solids,  however,  present  equally  remarkable  instances  of 
contraction,  of  which  mercury,  lead,  and  gold  are  illustrations, 
and  hence  the  unfitness  of  the  two  metals  last  mentioned  for  the 
purposes  of  casting-  or  moulding. 

According  to  the  experiments  of  Eopp  {Liebufs  Annal.  xciii. 
129),  all  the  undermentioned  substances  contract  on  solidifying, 
and  their  expansion  at  the  moment  of  fusion  is  the  following : 


100  Parts  of  Solid 

expand 

on  melting  at  *F. 

Phosphorus • 

3*43 
0-48 
11-0 
50 

Ill 
147 
158 
239 

White  Wax 

Stearic  Acid 

Sulphur ••••• 

Many  solids  expand  with  much  greater  rapidity  near  their 
melting  point  than  at  lower  temperatures;  this  is  particularly 
remarkable  in  the  case  of  wax.  Eopp  also  finds  that  many  hy- 
drated  salts  expand  at  the  moment  of  fusion,  as  for  example : — 


100  Part*  of  Solid 

expand 

00  flulng 
atT. 

Chloride  of  Calcium  (CaCl,  +  6  Ht0) 

Phosphate  of  Sodium  (Na«HP0«  +  12  H,0)... 
Hyposulphite  of  Sodium  (NaAH,04  +  4Ha0) 

9*6 
5-1 
61 

84 

95 

113 

A  similar  phenomenon  attends  the  melting  of  Rose's  fusible 
metal  (2  parts  of  bismuth,  1  part  of  tin,  and  1  of  lead),  which  on 
liquefying,  between  203°  and.  208°,  expands  T55  per  cent. 
Iodine,  bromine,  potassium,  sodium,  tin,  and  bismuth,  also  con- 
tract at  the  moment  of  solidification,  and  of  course  expand  on 
liquefaction. 

(77)  Dissection  of  CrystaUvne  Masses. — An  interesting  proof 
of  the  influence  of  mass  upon  cohesion  is  sometimes  observed  in 
the  gradual  conversion  or  small  crystals  left  in  the  liquid  into 
larger  ones.  In  sulphate  of  nickel,  for  example,  slight  alternate 
elevations  and  depressions  of  temperature  cause  the  alternate 

*  Dufour  found,  as  the  result  of  22  careful  experiments,  that  the  density  of  Ice  varied 
between  0-914  and  0*28,  with  a  mean  of  0*917.  ^ 
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solution  and  re-crystallization  of  part  of  the  salt;  the  smaller 
crystals,  which  offer  the  largest  surface  in  proportion  to  their 
mass,  are  most  readily  dissolved,  and  their  solution  crystallizes 
again  upon  the  surface  of  the  larger  ones,  which  thus  gradually 
increase  in  size,  whilst  the  small  ones  entirely  disappear. 

By  the  slow  action  of  solution,  crystalline  structure  may  often 
be  made  visible  where  no  trace  of  it  was  previously  apparent, 
and  a  kind  of  dissection  of  the  mass  is  thus  effected,  owing  to  the 
more  powerful  exertion  of  cohesion  in  certain  directions ;  these 
directions  vary  with  the  particular  crystalline  form  of  the  com- 
pound. These  phenomena  may  be  developed  in  a  striking  manner 
upon  the  surface  of  a  tin  plate,  by  gently  warming  the  plate,  and 
washing  it  over  while  hot  with  a  little  weak  acid ;  the  crystalline 
forms  thus  displayed  constitute,  when  the  surface  has  been  var- 
nished, the  ornamented  tin-plate  termed  movree  metaJUque.  A 
bar  of  nickel  placed  in  dilute  nitric  acid,  becomes  covered  with 
tetrahedra,  from  the  solution  of  the  intervening  uncrystallized 
portions  of  the  metal ;  and  the  fibrous  structure  of  the  better 
kinds  of  iron  may  be  strikingly  exhibited  by  a  similar  treatment 
of  the  mass.  Salts  may  be  made  to  show  the  same  kind  of  struc- 
ture without  having  recourse  to  chemical  solvents.  A  shapeless 
block  of  alum,  when  placed  in  a  nearly  saturated  solution  of  the 
salt,  becomes  gradually  embossed  with  portions  of  octohedra,  so 
that  its  true  crystalline  structure  is  revealed  to  the  eye.  In  all 
these  cases  the  action  of  the  solvent  must  be  very  weak,  other- 
wise the  force  of  adhesion  will  act  too  uniformly :  the  more  slowly 
the  solution  takes  place,  the  more  clearly  is  this  difference  in 
the  amount  of  cohesion  in  different  directions  of  the  solid  mani- 
fested.—(Daniel!,  Quart.  Journ.  of  Science,  i.  24,  and  Bay.  Inst. 
Jowrn.  i  1.) 

A  remarkable  molecular  change  sometimes  takes  place  in 
bodies  without  their  undergoing  any  alteration  from  the  solid  to 
the  liquid  state.  Brass  and  silver,  for  example,  when  first  cast  or 
wrought,  possess  considerable  toughness,  and  have  no  apparent 
crystalline  structure ;  by  repeated  heatings  and  coolings,  how- 
ever, they  often  become  so  brittle  as  to  snap  off  upon  the  appli- 
cation of  a  very  slight  degree  of  force,  and  the  surface  of  the 
fracture  then  exhibits  a  distinctly  crystallized  appearance.  In 
the  same  way  it  is  found  that  constant  vibration,  such  as  that  to 
which  the  iron  shafts  of  machinery  and  the  axles  of  railway  car- 
riages are  subjected,  gradually  destroys  the  fibrous  character  to 
which  the  iron  is  chiefly  indebted  for  its  toughness,  and  renders 
it  crystalline  and  brittle.  A  similar  change  sometimes  occurs  in 
crystallized  bodies :  in  this  way  transparent  prismatic  crystals 
of  sulphate  of  nickel  or  of  seleniate  of  zinc,  when  exposed  for  a 
few  minutes  to  the  sun's  rays,  become  opaque ;  they  retain  their 
form  until  touched,  and  then  crumble  down  into  a  granular  pow- 
der composed  of  octohedral  particles.  A  somewhat  similar 
alteration  occurs  in  barley  sugar,  which,  when  first  made  from 
melted  sugar,  is  vitreous  and  transparent ;  but  it  gradually  be- 
comes Arystalline,  opaque,  and  brittle. 
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(78)  Structure  of  Crystals:  Cleavage.— By  the  careful  appli- 
cation of  mechanical  force,  crystalline  form  may  be  often  revealed 
in  a  body  which  at  first  appears  as  a  shapeless  mass.  If  to  an 
irregular  fragment  of  Iceland  spar,  for  example,  we  apply  the 
edge  of  a  knife,  and  tap  it  gently  on  the  back  with  a  nammer, 
we  shall  find  that  in  certain  positions  the  spar  splits  readily,  leav- 
ing smooth  surfaces,  and  that  having  once  obtained  such  a  sur- 
face, we  may  go  on  splitting  the  mineral  in  layers  parallel  to  this 
surface.  Upon  applying  the  knife  to  the  surface  of  a  layer  so 
detached,  we  find  that  this  again  admits  of  cleavage  in  two  direc- 
tions, so  that  ultimately  a  rhombohedral  crystal  is  obtained  from 
the  spar.  Some  bodies  admit  of  cleavage  with  much  greater 
facility  than  others :  and  very  often  cleavage  occurs  more  readily 
in  the  direction  or  one  of  the  planes  than  in  that  of  the  other. 
Selenite,  one  of  the  forms  of  sulphate  of  calcium,  has  three  cleav- 
ages, but  one  of  these  is  much  more  easily  effected  than  the 
others ;  hence  the  mineral  is  readily  split  into  laminee. 

The  flat  surfaces  developed  by  cleavage  are  termed  the  faces 
or  planes  of  a  crystal  (such  as  p  p,  fig.  49, 1).    The  lines,  e  e, 

formed  by  the  junc- 
Fie.  49.  tion  of  two  of  these 

S lanes  are  its  edges; 
le  junction  of  two 
edges  forms  a  plane 
angle;  and  the  point, 
a,  at  which  three  or 
more  planes  meet, 
constitutes  a  solid 
angle.  These  planes 
are  said  to  be  similar,  when  their  corresponding  edges  are  pro- 
portional, and  their  corresponding  angles  equal.  Edges  are 
similar,  when  they  are  produced  by  the  meeting  of  planes  re- 
spectively similar,  at  equal  angles ;  and  angles  are  similar  y  when 
they  are  equal,  and  are  contained  within  edges  respectively  simi- 
lar. Sometimes  it  happens  that  the  crystal  is  bounded  in  all 
directions  by  perfectly  equal  and  similar  faces,  as  is  seen  in  the 
cube,  octohedron,  and  rnombohedron.  Such  forms  are  distin- 
guished as  simple  forms  j  whilst  those  forms  result- 
ing from  the  combination  of  two  or  more  simple 
ones  are  termed  compound,  or  secondary  forms.  A 
crystal  of  quartz,  consisting  of  a  six-sided  prism,  ter- 
minated by  two  six-sided  pyramids  (fig.  50),  is  a 
compound  form.  In  fig.  49, 2,  is  a  compound  form, 
the  twelve  edges  of  the  octohedron  ddd,  being  re* 
placed  by  faces  of  the  rhombic  dodecahedron. 

Although  each  substance  has  its  own  peculiar 
crystalline  form,  as,  for  example,  alum  the  octohe- 
dron, common  salt  the  cube,  carbonate  of  calcium 
tiie  rhombohedron,  it  frequently  happens  that  the  regularity  of 
the  crystalline  form  is  interfered  with.  Extra  faces  are  often 
formed  by  the  replacement  of  an  edge,  or  the  truncation  of  an 
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Fig.  01. 


angle.  If  the  twelve  solid  edges  of  the  octohedron  were  removed, 
a  form  intermediate  between  the  octohedron  and  the  rhombic 
dodecahedron  would  be  the  result,  such  as  is  seen  in  fig.  49,  2. 
If  the  four  solid  angles  of  the  tetrahedron  were  removed,  a  form 
intermediate  between  the  tetrahedron  and  the  octohedrpn  would 
be  obtained  (fig.  49,  3.) 

In  the  discovery  of  the  simple  form  of  crystals,  the  process 
of  cleavage  just  alluded  to  is  most  valuable ;  and  by  its  means, 
secondary  forms,  which  at  first  sight  present  no  resemblance  to 
the  original,  may  be  readily  traced  to  it.  A  striking  instance  of 
this  kind  is  afforded  by  the  cleavage  of  the  six-sided  prism  of 
calcareous  spar.  By  cleavage,  the  three  alternate  edges  of  the 
base  may  be  removed,  and  three  faces  produced,  as  at  r  r,  fig. 
51,  whilst  a  cleavage  similar  to  that  of  the  base  may  be  effected 
upon  tW  opposite  extremity  of  the  prism,  except 
that  the  edges  corresponding  to  those  that  before 
resisted,  now  yield,  and  that  those  which  at  the 
base  yielded  to  cleavage  now  remain  entire.  The 
obtuse  rhombohedron  is  thus  obtained  by  pursu- 
ing the  dissection,  as  shown  in  fig.  51. 

(79)  Goniometers. — Since  the  number  of  geo- 
metrical solids  is  limited,  whilst  the  number  of 
crystallized  bodies  is  very  great,  it  necessarily 
happens  that  several  different  substances  possess 
the  same  crystalline  form,  and  the  only  difference 
observable  between  them  consists  in  the  different 
inclination  of  the  planes  to  each  other ;  or,  what 
is  the  same  thing,  in  variations  of  the  angles  of 
the  crystal.  In  order  to  detect  this  difference, 
the  crystalloffrapher  requires  instruments  for  measuring  these 
angles.  Such  instruments  are  termed  goniometers  (from  ywvla 
an  angle).  Of  these  the  simplest  consists  of  a  pair  of  double  com- 
passes, the  pivot  of  which  coincides  with  the  centre  of  a  graduated 
semicircle ;  one  limb  is  fixed,  forming  the  diameter  of  the  semi- 
circle, the  other  is  moveable  on  the  pivot,  and  crosses  the  fixed 
limb  at  its  centre,  as  shown  in  fig.  52.  The  external  limbs  of  the 
compasses  are  pressed  against 
the  two  planes  of  the  crystal, 
the  inclination  of  which  is  to 
be  measured,  so  that  they  shall 
accurately  touch  those  planes 
in  directions  perpendicular  to 
the  edge  at  which  they  meet ; 
and  the  alternate  and  opposite 
angle  which  of  course  coincides 
with  that  of  the  crystal,  is  read 
off  in  the  degrees  of  the  gradu- 
ated arc. 

(80)  Reflecting  Goniometer. 
— A  far  more  elegant  and  accurate  instrument  is  the  redectmp 
goniometer  of  Wollaston,  fig.  54.    The  principle  upon  which  it 
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acts  may  be  thus  explained : — Let  abed  (fig.  58),  represent  a 
section  of  the  crystal  to  be  measured.  A  ray  of  light,  i  r,  re- 
flected as  at  r  *,  from  the  surface  of  the  crystal,  forms  the  radius 

of  the  arc  which  is  to  be  measured. 
^Fio.  58.  One  plane,  a  J,  of  the  crystal,  is  brought 

into  a  fixed  position  with  regard  to  the 
graduated  circle,  and  the  inclination  of 
the  two  planes  a  J,  b  c  is  ascertained  by 
measuring  the  arc  which  the  graduated 
limb  of  the  instrument  describes,  in 
order  to  bring  the  second  plane,  b  c,  of 
the  crystal  into  the  same  position  as 
the  first,  a  b.  The  sujpplement,  ab  c, 
of  this  arc,  e  0,  measures  the  inclination  of  the  two  planes.  The 
angle  may,  however,  be  read  off  at  once,  by  attending  to  the  fol- 
lowing instructions : — 

The  instrument  (fig.  54)  consists  of  a  brass  disk,  a  J,  supported 
in  a  vertical  plane,  and  graduated  on  its  outer  edge  to  half  de- 

frees.  Bj  means  of  a  milled 
ead,  dy  this  disk  may  be  turned 
round  in  its  own  plane;  the 
angle  through  which  it  has  been 
made  to  turn  is  read  off  by  a 
vernier,  0,  which  is  permanently 

*?t£gj(f%\  fiWSl  fixed-  The  "^ /> of  the  gra* 

duated  circle  is  pierced  by  a 
second  axis,  attached  to  the 
milled  head,  e,  which  is  intend- 
ed to  give  rotation  to  the  parts 
supporting  the  crystal,  independ- 
ently, when  necessary,  or  the 
movements  of  the  graduated  cir- 
cle, a  b. 

"To  use  the  goniometer,  it 
should  first  be  placed  on  a  pyra- 
midal stand,  and  the  stand  on  a 
small  steady  table,  placed  about 
six  to  ten  or  twelve  feet  from  a  flat  window.  The  graduated  cir- 
cular plate,  a  b,  should  stand  accurately  perpendicular  from  the 
window,  the  pin,  h  i,  being  horizontal,  with  the  slit  end,  i,  near- 
est the  eye.  rlace  the  crystal  which  is  to  be  measured,  on  the 
table,  resting  on  one  of  the  planes  whose  inclination  is  required, 
and  with  the  edge  at  which  those  planes  meet  the  farthest  from 
you,  and  parallel  to  the  window  in  your  front.  Attach  a  portion 
of  wax  to  one  side  of  the  small  brass  plate,  g ;  lay  the  plate  on 
the  table  with  one  edge  parallel  to  the  window,  the  side  to  which 
the  wax  is  attached  being  uppermost,  and  press  the  end  of  the 
wax  against  the  crystal,  £,  till  it  adheres ;  then  lift  the  plate  with 
its  attached  crystal,  and  place  it  in  the  slit  of  the  pin,  h  i,  with 
that  side  uppermost  whicn  rested  on  the  table. 

"  Bring  the  eye  now  so  near  the  crystal,  as,  without  perceiv- 
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feg  the  crystal  itself,  to  permit  your  observing  distinctly  the  im- 
ages of  objects  reflected  from  its  planes ;  and  raise  or  lower  that 
end  of  the  pin  which  has  the*  small  circular  plate,  A,  attached  to 
it  until  one  of  the  horizontal  upper  bars,  m,  or  the  window  is  seen 
reflected  from  the  upper  or  first  plane  of  the  crystal,  and  till  the 
image  of  the  bar,  n,  is  brought  nearly  to  coincide  with  some  line, 
lj  below  the  window ;  as  the  edge  of  the  skirting-board  where  it 
joins  the  floor.  Turn  the  pin.  At,  on  its  own  axis,  if  necessary, 
until  the  reflected  image  of  tne  bar  of  the  window  coincides  ac- 
curately with  the  observed  line  below  the  window.  Turn  now 
the  small  circular  plate,  e.  on  its  axis,  and  from  you,  until  you 
observe  the  same  bar  ot  tne  window  reflected  from  the  second 
plane  of  the  crystal,  and  nearly  coincident  with  the  line  below ; 
and  having,  in  adjusting  the  first  'plane,  turned  the  pin  on  its 
axis  to  bring  the  reflected  image  of  the  bar  of  the  window  to 
coincide  accurately  with  the  line  below,  now  move  the  lower  end 
of  that  pin  laterally  either  towards  or  from  the  instrument,  in 
order  to  make  the  image  of  the  same  bar  reflected  from  the 
second  plane  coincide  with  the  same  line  below. 

"Having  assured  yourself,  by  looking  repeatedly  at  both 
planes,  that  the  image  of  the  horizontal  bar  reflected  successively 
from  each,  coincides  jrith  the  same  line  below,  the  crystal  may 
be  considered  as  adjusted  for  measurement.  Let  the  180°  on  the 
graduated  circle' be  now  brought  opposite  the  0°  of  the  vernier, 
by  turning  the  middle  plate,  d,  and  while  the  circle  is  main- 
tained accurately  in  this  position,  bring  the  reflected  image,  n, 
of  the  bar,  m,  from  the  first  plane,  to  coincide  with  the  lme,  £, 
below,  by  turning  the  small  circular  plate,  e.  Now  turn  the 
graduated  circle  from  you,  by  means  or  the  middle  plate,  d,  until 
tne  image  of  the  bar  reflected  from  the  second  plane  is  also  ob- 
served to  coincide  with  the  same  line."  (Brooked  OrystaRograr 
phy,  p.  80.)  In  this  position,  the  reading  of  the  vernier  gives  at 
once  the  inclination  of  the  two  planes  to  each  other.  It  is  almost 
superfluous  to  remark,  that  the  reflecting  goniometer  can  only 
be  applied  in  cases  in  which  the  surfaces  of  the  crystal  have 
sufficient  polish  and  brilliancy  to  reflect  the  image  of  the  line  by 
means  of  which  the  angle  is  read  off. 

(81)  Symmetry  of  UrystaUme  Form. — The  study  of  the  geo- 
metrical relations  of  different  crystalline  forms  to  each  other  be- 
longs to  the  science  of  crystallography.  It  will  be  sufficient  for 
the  present  purpose  to  indicate  the  general  principle  upon  which 
the  classification  of  crystals  is  founded.  This  principle  is  the 
symmetrical  arrangement  upon  which  every  crystalline  form  is 
constructed.  Symmetry,  or  a  complex  uniformity  of  configura- 
tion (that  is,  similarity  in  the  arrangement  of  two  or  more  corre- 
sponding forms  round  a  common  centre),  is  the  general  law  of 
creation,  both  in  the  vegetable  and  animal  kingdoms.  It  is  ex- 
hibited in  the  correspondence  in  external  form  of  the  right  and 
left  side  of  the  body  in  animals,  in  the  similar  arrangement  of 
the  leaf  on  either  side  of  its  midrib,  in  the  two  lobes  of  the  dico- 
tyledonous seed,  and  indeed  it  attracts  the  notice  of  every  ob- 
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server  in  numberless  cases.  The  same  law  holds  good  still  more 
rigidly,  though  not  so  obviously,  in  the  constitution  of  every 
crystal.  If  one  of  the  primary  pknes  or  axes  of  a  crystal  be 
modified  in  any  manner  by  molecular  forces  acting  within  the 
liquid  or  the  crystal,  all  the  symmetrical  planes  must  be  modified 
in  the  same  manner. 

The  imaginary  line  which  thus  governs  the  figure,  and  about 
which  all  the  parts  are  similarly  disposed,  and  with  reference  to 
which  they  correspond  exactly,  is  termed  the  axis  of  symmetry 
in  a  crystal.  If  a  rhombohedron  of  Iceland  spar  be  held  with 
one  of  its  obtuse  angles  uppermost,  the  vertical  line  which  joins 
that  angle  to  the  opposite  obtuse  angle  is  the  axis  of  symmetry 
of  the  crystal.  Each  extremity  of  the  axis  is  formed  by  the  meet- 
ing of  three  planes,  each  similar  to  the  others,  and  all  inclined  to 
the  axis  at  an  equal  angle.  If  any  internal  molecular  force  pro- 
duce the  replacement  of  any  of  tne  edges  of  one  of  those  faces, 
the  same  cause  must  act  with  similar  intensity  upon  the  corre- 
sponding edge  of  the  other  faces,  and  produce  a  corresponding 
'  modification.  The  variation  thus  introduced  into  the  form  of  the 
crystal  has  a  symmetrical  character ;  and  the  alteration,  which  is 
experienced  by  each  of  the  three  divisions  of  which  the  crystal 
consists,  is  consequently  similar  in  each  case. 

There  are,  however,  cystale  that  possess  more  than  one  axis 
of  symmetry ;  and  an  arrangement  of  crystalline  form,  first  pro- 
posed by  Weiss,  and  which  is  now  universally  adopted,  is  based 
upon  the  relation  which  these  axes  bear  to  each  other.  These 
axes,  it  must  be  remembered,  are  imaginary  lines,  which  connect 
the  opposite  angles  or  faces  of  a  crystal,  and  all  of  them  intersect 
each  other  in  the  centre  of  the  figure.  In  the  regular  system,  to 
which  the  cube,  the  regular  octahedron,  and  rhombic  dodecahe- 
dron belong,  there  are  three  axes,  which  are  all  equal,  and  cross 
each  other  m  the  centre  of  the  crystal  at  right  angles.  If  one  of 
the  faces  or  edges  upon  any  of  these  equal  axes  be  modified,  not 
only  are  all  the  faces  or  edges  upon  that  axis  similarly  modified, 
but  all  the  faces  and  edges  of  the  entire  crystal  experience  a  simi- 
lar modification ;  since  the  symmetry  of  all  the  axes  is  alike,  and 
the  molecular  modifying  force  acts  equally  upon  alL  But  this 
rule,  though  of  very  general  application,  is  not  without  excep- 
tion. If,  for  instance,  a  crystal  rest  upon  one  face  during  its  for- 
mation, the  mechanical  obstacle  to  its  symmetrical  development 
is  frequently  the  cause  of  considerable  interference  witn  the 
regular  growth  in  this  direction,  but  this  interference  does  not 
operate  upon  the  upper  and  exposed  faces.  This  interference  of 
causes  external  to  tne  crystal  is  very  generally  observed  in  crys- 
talline masses  artificially  obtained  "(75).  The  crystals  of  which 
the  mass  is  composed  cross  each  other  in  all  directions,  and  form 
a  confused  structure^  from  the  surface  of  which  project  isolated 
crystals,  one  extremity  only  of  which  is  developed  regularly. 

Borne  crystals  assume  forms  termed  pseudomorphous  (from 
4«i/&>?  a  falsehood,  pop&})  form);  that  is  to  say,  they  exhibit 
forms  which  are  not  truly  related  to  their  own  crystalline  sys- 
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tern.  Such  pseudomorphous  crystals  are  formed  by  deposition 
in  cavities  previously  occupied  by  crystals  of  a  different  nature, 
but  which  have  been  slowly  dissolved  out  of  the  mass  in  which 
they  were  included,  leaving  spaces  corresponding  to  their  form ; 
ana  during  the  process  ^>f  the  solution  of  the  original  crystals,  or 
after  its  completion,  the  new  compound  has  gradually  taken 
place,  and  adapted  itself  to  the  form,  of  the  crystal  which  has 
undergone  removal 

(82)  Classification  of  Crystals, — Crystals  are  subdivided  into 
six  classes  or  systems,  founded  upon  the  relation  of  their  axes  of 
symmetry  to  each  other.  These  relations  exert  an  influence  not 
only  upon  the  geometrical  connexion  of  the  forms  of  crystals,  but 
also  upon  their  optical  and  physical  properties.  It  is  necessary 
in  studying  crystalline  forms,  the  relations  of  which  are  often 
very  complicated,  always  to  place  the  crystal  in  a  definite  posi- 
tion. It  will  be  found  most  convenient  to  place  the  principal 
axis  in  a  vertical  direction.  The  observance  of  this  rule  greatly 
facilitates  the  comparison  of  the  compound  with  the  simple  forms. 

The  six  classes  into  which  crystals  are  subdivided  are  the  fol- 
lowing :  1st,  the  Begular  or  Tessular  system :  2nd,  the  Eight 
Snare  prismatic,  or  pyramidal ;  3rd,  the  Khombohedral ;  4th, 
e  Prismatic ;  5th,  the  Oblique ;  6th,  the  Doubly  oblique. 

1.  The  Regular,  or  Tessular,  or  Cvbic  System,  is  charac- 
terized by  three  equal  axes,*  a  a,  a  a,  a  a,  figures  55,  56,  57, 
around  which  the  crystals  are  symmetrically  arranged ;  they  cross 
each  other  at  right  angles.  Crystals  belonging  to  this  system  ex- 
pand equally  in  all  directions  when  heated,  and  refract  light 
simply.  The  most  important  varieties  of  simple  forms  are  the 
cube,  as  shown  in  fluor  spar,  common  salt,  and  iron  pyrites  (fig. 
55, 1) ;  the  octohedron  (fig.  55,  5J  exemplified  by  alum  and 
magnetic  iron  ore ;  the  tetrahedron  (fig.  57, 8),  sometimes  seen  in 
copper;  and  the  rhombic  dodecahedron  (fig.  56,  3),  as  in  the 
garnet  and  sulphide  of  cobalt.  Upon  the  geometrical  relations 
of  these  forms,  a  single  instance,  showing  one  of  the  simplest 
cases  of  such  a  connexion,  will  suffice : — 

From  the  cube  may  readily  be  deduced  the  three  other  allied 
forms  of  the  regular  system.  By  truncating  each  of  the  eight 
solid  angles  by  planes  equally  inclined  to  the  three  adjacent  faces 
of  the  cube,  we  obtain  the  octohedron,  in  which  the  three  axes  of 
the  cube  terminate  in  the  six  solid  angles  of  the  figure,  one  of 
which  consequently  corresponds  to  the  centre  of  each  side  of  the 
cube.  (See  fig.  55.)  The  faces  marked  o  are  those  of  the  octo- 
hedron. 

Sy  replacing  each  of  the  twelve  edges,  ddd,  of  the  cube,  we 
arrive  at  last  at  the  rhombic  dodecahedron.    (Fig.  56.) 

By  truncating  the  alternate  angles,  1 19  we  obtain  the  tetrahe- 
dronjBA  shown  in  fig.  57. 

Momohedraly  or  Holohedral  forms,  sxe  those  which,  like  the 
cube  and  octohedron,  possess  the  highest  degree  of  symmetry 
of  which  the  system  admits.  Hemihedral  forms,  on  the  other 
hand,  are  those  which  may  be  derived  from  a  holohedral  form,  as 
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the  tetrahedron  is  from  the  octohedron  (fig.  49),  or  from  the  cube 
(fig.   57),  by  supposing  half  the  faces  of  the  holohedral  form 
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Paasage  of  the  Cube  to  the  Octohedron. 
omitted,  or  its  alternate  angles  or  edges  replaced,  according  to  a 

Fig.  56. 


Paasage  of  the  Cube  to  the  Dodecahedron. 


certain  law.    Again,  if  half  the  faces  of  a  hemihedral  crystal  be 
omitted,  a  tetartohedral  form  is  the  result 
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Paasage  of  the  Cube  to  the  Tetrahedron. 
These  relations  will  be  readily  traced,  even  by  those  nnao- 
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quainted  with  geometry,  by  cutting  out  two  or  three  cubes  in 
eoap,  or  some  other  sectile  body,  and  paring  down  the  angles  or 
edges  in  the  manner  above  described. 

In  a  similar  manner,  by  inserting  wires  into  an  apple  (fig.  58. 
we  may  represent  to  the  eye  the  direction  assumed  Dy  each  of 
the  axes  of  a  crystal  j  and  by  winding  a  piece  of 
thread  round  each  point  of  the  wires,  and  stretch-         *"*• m* 
ing  the  thread  across  from  one  wire  to  another, 
the  outline  of  an  octohedron  belonging  to  any  of 
the  systems  is  readily  obtained. 

2.  The  liight  Square  Prismatic,  or  Pyrami- 
dal System.  In  this  system  there  are  three  axes, 
all  at  right  angles  to  each  other,  but  two  only, 
a  a,  a  a  (fig.  59),  are  equal ;  the  third,  o  c,  being 
either  longer  or  shorter  than  the  others.  Generally  there  is  no 
simple  relation  between  the  length  of  this  axis  and  that  of  the 
other  two.  Expansion  by  heat  is  equal  in  two  directions.  The 
crystals  of  this  system,  as  well  as  those  of  the  four  other  systems 
not  yet  described,  exert  double  refraction  on  light,  and  have 
only  one  axis  of  single  refraction  (117, 118). 

Tour  principal  varieties  of  this  system  may  be  mentione4 ; 
two  prisms  with  a  square  base,  and  two  octohedra.  The  prisms 
differ  from  each  other  according  as  the  eyial  axes  a  a,  a  a,  ter- 
minate in  the  angles  of  the  base,  as  seen  in  fig.  59, 1 ;  or  in  the 
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Pyramidal,  or  Bight  square  Prismatic  System. 


aides  of  the  base,  as  at  2.  Similar  differences  exist  in  the  two 
octohedra.  The  octohedron  is  said  to  be  direct,  when  the  axes 
end  in  the  angles, — inverse,  when  they  end  in  the  edges.  3  rep- 
resents a  right  square  prism,  the  axes  of  which  terminate  in  the 
edges  of  the  crystal ;  in  4,  the  axes  terminate  in  the  sides  of  the 
prism;  5  is  the  direct  octohedron,  with  its  axes  in  the  solid 
angles ;  6,  the  inverse  octohedron,  with  the  axes  in  the  edges. 
Examples  of  this  system  are  seen  in  ferrocyanide  of  potassium, 
cyanide  of  mercury,  binoxide  of  tin,  and  anatase. 

In  consequence  of  the  absence  of  any  fixed  relation  in  length 
between  the  principal  axis,  c  c,  and  the  other  two  axes,  in  the 
four  different  prismatic  systems,  these  prisms  may  vary  in  length 
indefinitely.  In  some  cases,  the  axis  c  c,  is  so  short  that  tne 
crystal  assumes  the  form  of  a  flattened  plate,  when  it  is  said  to 
be  a  tabular  crystal ;  in  others  it  forms  a  long  prism  of  indefinite 
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length.  Even  in  the  octohedron  of  the  various  prismatic  syBtema, 
the  principal  axis,  c  c,  does  not  always  bear  the  same  proportion 
in  length  to  the  other  two  axes  in  the  tame  compound;  though 
in  these  various  octohedra,  the  axis,  c  <?,  always  bears  some  simple 
ratio  in  length  to  those  of  the  other  octohedra  of  the  same  body. 

3.  The  jKhombohedral  System. — In  this  system  there  are  four 
axes ;  three  of  them,  a  a,  a  a,  a  a,  are  of  equal  lengths,  are  situ- 
ated in  the  same  plane,  and  cross  each  other  at  angles  of  60° ; 
whilst  the  fourth,  e  e,  is  perpendicular  to  these,  and  may  vary  in 
length.  The  crystals  of  this  class  produce  in  a  very  marked 
manner,  the  effects  of  double  refraction  on  light.  They  have  one 
axis,  c  e9  of  single  refraction ;  and  by  the  application  of  heat 
expand  equally  jn  two  directions.  In  this  system  the  principal 
forms  (fig.  60)  are  the  bi-pyramidal  dodecahedron,  3  (of  which 


Bhombohedrtl  System. 

there  are  two  varieties  according  as  the  axes  terminate  in  the 
angles  of  the  base,  1,  when  it  constitutes  a  direct  dodecahedron ; 
or  in  its  sides,  2,  when  the  dodecahedron  is  said  to  be  inverse), 
the  rhombohedron,  4,  and  the  six-sided  prism,  5.  Of  each  of 
these  forms  there  are  likewise  two.  varieties,  depending  upon  the 
position  of  the  axes.  4  is  an  inverse  rhombohedron.  Among 
crystals  which  belong  to  this  are  ice,  quartz,  beryl,  Iceland  spar, 
and  nitrate  of  sodium. 

Fig.  61  represents,  in  one  view,  the  manner  in  which  the 
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principal  forms  in  each  of  the  first  three  systems  can  be  described 
about  the  crystallographic  axes.    1  exhibits  the  octohedron  in- 
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scribed  in  the  cube;  2  shows  both  varieties  of  the  octohedron 
sad  of  the  square  prism ;  3  the  six-sided  prism,  containing  the 
ihombohedron  and  bi-pyramidal  dodecahedron. 

The  relations  of  the  first  three  systems  are  simple,  and  easily 
traced ;  the  other  three  systems  are  more  complicated,  owing  to 
the  variety  introduced  by  the  irregular  lengths  and  obliquities  of 
the  axes. 

4.  The  Eight  Ue/Jtangvlar  Prisma^  — 

The  crystals  of  this  system  have  three  axes,  #  a,  ft  ft,  c  6  (fig.  62), 


Prismatic,  or  Right  Rectangular  Prismatic  System. 


all  at  right  angles  to  each  other ;  each  axis  differs  from  the  others 
in  length,  and  they  usually  bear  no  simple  proportion  in  length 
to  each  other.  In  this  and  in  the  two  remaining  systems,  the 
crystals  expand  unequally  by  the  application  or  heat,  in  the 
three  directions  of  these  axes ;  and  they  have  two  other  resultant 
axes  in  which  there  is  no  double  refraction  (118). 

The  principal  varieties  of  the  prismatic  system  are  the  right 
octohedron  with  a  rhombic  base  (njj.  62,  4),  or  right  rhombic  oc- 
tohedron; and  the  right  prism  with  a  rhombic  base  or  right 
rhombic  prism,  5.  Both  these  figures  have  a  rhombic  base,  1 ; 
the  axes  terminate  in  the  solid  angles  of  the  octohedron,  and  in 
the  edges  of  the  prism.  Owing  to  the  inequality  in  the  lengths 
of  the  axes,  the  sections  6f  the  octohedron  through  a  ft  a  ft,  1,  e  a 
e  a,  2,  and  c  b  c  ft,  3,  though  all  rhombic  in  form,  are  each  differ- 
ent in  demensions.  The  feces  of  the  octohedron  are  all  similar, 
but  the  length  of  each  side  of  its  triangular  faces  is  different  To 
this  class  belong  nitre,  aragonite,  topaz,  sulphate  of  barium,  and 
sulphur  obtained  by  evaporation  from  bisulphide  of  carbon. 

5.  The  Oblique  System. — The  three  axes  of  this  system  may 
all  differ  in  length ;  two  of  them,  e  0,  a  0,  cross  each  other  ob- 
liquely (fig.  63,  2) ;  the  third,  b  ft,  is  perpendicular  to  both  the 
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others;  generally  there  is  no  simple  proportion  between  the 
lengths  of  the  different  axes.  The  principal  forms  are  the  ob- 
lique octohedron  with  a  rhombic  base,  4,  and  the  oblique  rhom- 
bic prism,  5,  in  both  of  which  the  axes  are  in  the  angles  of  the 
crystal.  The  base  of  the  figure  in  each  case  is  a  rhomboid,  1,  in 
which  the  axes  a  a,bby  cross  each  other  at  right  angles.  In  the 
octohedron,  the  section  through  the  two  oblique  axes,  a  ay  c  c,  2, 
is  also  a  rhomboid ;  the  axis,  <?,  c,  crosses  the  third  axis,  b  i,  per- 
pendicularly, and  a  section  through  these  axes  produces  the 
rhomboid  shown  in  3.  The  octohedron  of  this  system  is  not  per- 
fectly symmetrical.  Each  of  the  three  sides  forming  its  triangu- 
lar faces  differs  from  the  othere  in  length,  and  the  faces  are  of 
two  kinds.  The  two  upper  front  faces  of  4,  fig.  63,  correspond 
to  the  two  lower  back  faces,  and  the  other  four  faces  are  alike. 
Besides  the  oblique  rhombic  octohedron,  there  are  three  forms  of 
the  oblique  rhombic  prism ;  the  kind  of  prism  being  defined  by 
the  axis  with  which  the  long  axis  of  the  prism  coincides.    8ul« 

Jthate  of  sodium,  phosphate  of  sodium,  sulphur  crystallized  by 
osion  and  slow  cooling,  borax,  and  sulphate  of  iron  (ferrous  sul- 
phate), offer  examples  of  crystals  belonging  to  this  class. 

6.  The  Doubly  Oblique,  or  Anorthw  System. — In  this  system 
each  of  the  three  axes  may  differ  from  the  others  in  length,  and 
all  cross  each  other  obliquely.  The  principal  varieties  of  crystal* 
line  form  are  the  doubly  oblique  octohedron  (fig.  64,  2),  the  base 


Doubly  Oblique,  or  Anorthic  System. 


of  which  is  seen  at  1,  and  the  doubly  oblique  prism,  3.  The  oc- 
tohedron is  not  symmetrical  in  its  form  :  its  four  upper  faces  are 
all  unlike,  but  each  face  corresponds  to  the  lower  face  which  is 
parallel  to  it.  Sulphate  of  copper  and  nitrate  of  bismuth  belong 
to  this  class,  which,  however,  contains  comparatively  few  sub- 
stances. Some  of  the  varieties  of  crystalline  forms  which  it  in- 
cludes are  very  complicated,  and  difficult  to  define. 

Isomorphism — Dimorphism — AUotropy. 

(83)  Isomorphisrji. — Owing  to  the  comparatively  small  num- 
ber of  forms  which-  belong  to  the  regular  system,  and  to  the 
perfect  symmetry  which  characterizes  them,  it  necessarily  hap- 
pens that  a  variety  of  bodies,  very  dissimilar  in  properties  and  in 
chemical  composition,  assume  crystalline  forms  which  are  not 
distinguishable  from  each  other,  since  they  coincide  exactly  in 
their  angular  measurements.  For  example,  the  elements,— carbon, 
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gold  and  copper,  and  the  compound*, — sulphide  of  lead,  bisul- 
phide of  iron,  fluor  spar,  alum,  and  spinelle,  all  crystallize  in 
cubes  or  octohedra  which  perfectly  resemble  each  other;  yet 
these  substances  present  no  resemblance  to  each  other  either  in 
properties  or  in  chemical  composition. 

Crystals  which  belong  to  the  other  systems,  however,  do  not 
so  frequently  present  this  exact  similarity  in  form :  for  though 
they  may  crystallize  in  similar  prisms  or  octohedra,  yet  a  measure- 
ment of  the  angles  will  suffice  to  show  considerable  differences  in 
the  length  of  the  axes,  and,  in  the  case  of  the  two  oblique  sys- 
tems, in  the  inclination  of  the  axes  to  each  other.  But  m  these 
systems,  likewise,  as  well  as  in  the  regular  system,  cases  occur  in 
which  an  exact,  or  almost  exact  identity  in  crystalline  form,  even 
in  these  respects,  is  found.  In  the  larger  number  of  these  in- 
stances, as  Mitscherlich  has  proved,  the  chemical  composition  of 
the  substances  which  thus  correspond  in  form  is  analogous. 
Bodies  which  possess  this  similarity  in  form  are  termed  isomor- 

^)hous  (from  laos  equal,  fu>p<f>ff  form).  The  term  isomorphous  is, 
owever,  restricted  to  such  substances  as  exhibit  not  only  simi- 
larity in  form,  but  at  the  same  time,  the  analogy  in  their  chemi- 
cal composition  just  alluded  to.  The  diamond  (0),  magnetic 
oxide  of  iron  (FeO,  FetOt\  and  alum  QLAl  2SOA  +  12H.8),  all 
crystallize  in  octohedra,  yet  they  are  not  usually  cited  as  instances 
01  isomorphism:  but  the  spinelle-ruby  (MgO,  Al%0^  magnetic 
oxide  of  iron  (FeO,  Fe%Ot),  and  chrome  iron  ore,  {Feu,  Or% 
0$),  not  only  crystallize  in  the  same  form,  but  have  a  constitu- 
tion perfectly  analogous,  and  are  therefore  truly  isomorphous. 
Mitscnerlich,  indeed,  endeavoured  to  show  that  crystalline  form 
is  independent  of  the  chemical  nature  of  the  atoms,  and  that  it  is 
determined  only  by  their  grouping  and  relative  position;  the 
same  number  of  atoms  combined  in  the  same  way,  always  pro- 
ducing the  same  crystalline  form. 

This  statement  is  not  strictly  true :  the  elementary  bodies 
have  by  no  means  all  of  them  the  same  crystalline  form ;  and  it 
is  found  that  even  when  the  chemical  constitution  is  the  same, 
though  there  may  frequently  be  a  close  similarity  in  the  form  as- 
sumed, yet  a  careful  measurement  of  the  angles  indicates  differ- 
ences in  the  length  or  inclination  of  the  axes.  For  example — the 
carbonates  of  calcium,  manganese,  magnesium,  iron,  and  zinc,  all 
crystallize  in  rhombohedra ;  but  the  corresponding  angles  of  these 
several  crystals  are  all  different,  as  the  following  table  shows : — 

Calcareous  spar GaCO% 

Carbonate  ot  manganese  •    •     .  MnCO% 

Carbonate  of  iron FeCO% 

Carbonate  of  magnesium     .     .  MgCOt 

Carbonate  of  zinc ZnCO% 

These  differences  are  in  all  probability  partially  due  to  differ- 
ences in  the  crystalline  arrangement  of  the  elementary  molecules 
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of  some  of  the  components,  and,  as  Eopp  has  shown,  in  the  atomic 
volume  or  space  occupied  by  these  ultimate  molecules.  The 
crystals  of  metallic  zinc  and  iron,  for  instance,  belong  to  different 
systems,  so  that  it  is  not  surprising  that  some  difference  should 
be  observed  in  the  form  of  their  corresponding  compounds ;  and 
if  Mitscberlich's  law  be  confined  to  compound  bodies,  these  very 
differences  which  have  been  supposed  to  militate  against  it  will 
prove  to  be  remarkable  corroborations  of  its  truth,  as  they  show 
that  the  number  and  collocation  of  the  atoms  may  overcome  the 
tendency  of  some  of  the  atoms  of  the  elementary  components  to 
assume  different  forms.  It  also  shows,  moreover,  that  it  is  unsafe 
to  infer  isomorphism  in  the  elements  simply  from  the  occurrence 
of  isomorphism  in  the  compounds  which  they  yield.  It  must, 
however,  be  borne  in  mind  that  bodies  which  are  analogous  in 
chemical  composition  and  in  properties  are  not  necessarily 
isomorphous, — for  example,  carbonate  of  magnesium  (Mg,  OOt) 
crystallizes  in  rhombohedra.  whilst  carbonate  of  strontium  (8r 
CO^  assumes  the  form  of  oblique  rhombic  prisms. 

It  not  unfrequently  happens  that  a  compound  group  like 
ammonium  (H4NY,  if  equivalent  in  function  to  a  simple  substance 
like  potassium  (K),  will  form  compounds  with  the  same  acid 
radicle,  which  are  isomorphous  with  each  other :  this  is  manifest 
in  the  chloride  of  potassium  (K,01)  and  chloride  of  ammonium 
(H4N,  Ci),  both  of  which  crystallize  in  cubes.  The  sulphate  of 
potassium  (KjSO^)  is  in  like  manner  isomorphous  with  the  sul- 
phate of  ammonium  [(H4N)9<S0J,  and  so  on  through  the  greater 
number  of  the  corresponding  compounds  of  potassium  and  am- 
monium. 

(84)  Chemical  Bearings  of  Isomomhism. — This  discovery  of 
the  coincidence  of  similarity  in  crystalline  form  with*  similarity 
in  chemical  composition,  is  one  of  the  most  important ^generaliza- 
tions yet  arrived  at  in  the  science  of  crystallography?^ It  Has  ren- 
dered great  service  to  chemistry  by  facilitating  the  classification 
of  compounds,  and  it  has  often  called  attention  to  analogies  in 
composition  which  might  otherwise  have  been  overlooked.  In 
determining  the  atomic  weight  of  a  substance  it  is  also.frequently 
of  essential  value ;  but  its  application  to  these  purposes  will  l^e 
more  advantageously  examined  at  a  future  period. 

Bodies  which  approach  each  other  thus  closely  in  crystalline 
form  often  occur  mixed  together  in  variable  proportions  in  regu- 
larly crystallized  minerals.  Such  isomorphous  compounds  can- 
not be  separated  by  the  method  of  crystallization.  Indeed,  it  is 
quite  possible  to  obtain  crystals  consisting  of  alternate  layers  of 
different  isomorphous  salts,  if  they  have  nearly  the  same  degree 
of  solubility  in  water.  An  octohedral  crystal  of  ordinary  alum, 
for  example,  if  transferred  to  a  solution  of  chrome  alum  (a  com- 
pound isomorphous  with  ordinary  alum,  and  which  differs  from 
it  in  containing  an  atom  of  chromium  in  the  place  of  an  atom  of 
aluminum),  will  continue  to  increase  in  size  regularly,  and  a 
layer  of  the  metallic  salt  will  be  deposited  on  the  common  alnm. 
If  the  crystal  be  transferred  again  to  the  original  solution  of 
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alum,  a  fresh  layer  of  colourless  alum  will  be  formed  upon  the 
chromium  salt,  and  so  on  in  succession. 

A  large  number  of  metals,  when  united  with  the  same  acid 
radicle,  furnish  salts  which  are  isomorphous.  For  instance,  the 
sulphates  of  magnesium,  zinc,  iron,  nickel,  cobalt,  manganese,  and 
cadmium,  all  crystallize  in  similar  forms.  The  isomorphism  of 
many  acid  radicles,  when  united  with  the  same  metal,  such  as 
potassium  or  sodium,  is  not  less  evident:  sulphate,  seleniate, 
chromate^  and  manganate  of  potassium,  all  have  the  same  form ; 
and  the  isomorphism  of  the  corresponding  phosphates,  and  ar- 
seniates  of  sodium  is  equally  striking. 

(85)  The  following  table  exhibits  some  of  the  more  important 
of  the  groups  in  which  the  existence  of  isomorphism  has  been  dis- 
tinctly ascertained : — 


ISOMORPHOUS  GROUPS, 

(A.)  Element*. 


Diamond 

Lead 

Iron 

Copper 

Silver 

Gold 


2 

Arsenic 
Antimony 
Tellurium  (?) 


(B.)  Compound*. 


Alumina Al%0% 

Seaqtdoxideof  Iron...  Fe%0% 

Oxide  of  Chromium . .  Or%  0% 

Hmenite (FeTi)*Ot 


Arsenious  Anhydride.  As*0s 
Oxide  of  Antimony...  8bt0s 


Salts  of  the  following  Acid  Radicles  when 
resenting  any  Monad  or 

r 

Phosphates M',P04 

Arseniates M'sA*0« 


Sulphides* 

Arsenides 

Antimonides 


Potassium-compounds  of    . 

Chlorine KOI 

Iodine KI 

Bromine KBr 

Fluorine KF1 

united  with  the  same  Metal,  M'  rep- 
Monobasic  Metal 
9 

Molybdates U\MoOA 

Tungstates WtWO* 

Ohromates  (in  the  un-  ) 
usual  form  of  Ohro->  PV'OrOi 
mate  of  lead) ) 

10 

P.erohlorates* M'Olft 

Permanganates M'MnO* 


8 

Sulphates WtSOt 

Seleniates MV&0« 

Ohromates M',tir0« 

Maaganates U\MnO* 

•  It  appeared  anomalous,  upon  the  supposition  that  the  atomic  weight  of  sulphur 
was  16.  that  82  parts  of  sulphur  should  be  isomorphous  with  75  of  arsenic,  two  atoms 
of  sulphur  apparently  being  isomorphous  with  one  of  arsenic ;  but  if  the  atomic  weight 
of  sulphur  is  admitted  to  be  82,  the  anomaly  disappears.  A  similar  remark  applies  to 
the  permanganates  and  perchlorates,  if  the  atomic  weight  of  manganese  be  taken  as 
97*6.  The  permanganates  appear  to  contain  2  atoms  of  manganese,  whilst  the  perchlo- 
rates contain  only  1  of  chlorine;  but  assuming,  as  we  hare  done,  on  other  grounds,  that 
the  atomic  weight  of  manganese  should  be  doubled,  or  should  be  05,  then  it  follows,  as 
a  matter  of  course,  that  the  number  of  atoms  of  manganese  and  chlorine  are  alike. 
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Sake  of  the  following  Metal*  when  united  with  Equivalent  Quantities  of  the 
$ame  Halogen  or  Acid  Radicle. 

11 


Magnesium 

Calcium  (in  Oalo  Spar) 

Zino 

Cadmium 

Iron 

Manganese 

Cobalt 

Nickel 

Copper 

Lead  (in  Plumbo-calcite) 


12 
Barium 
Strontium 

Calcium  (in  Aragonite) 
Lead 

13 
Double  Chloride*  of 

Platinum 2  K01,P*a4 

Osmium 2KC1,<%CU 

Iridium SKCyrCU 


14 
Potassium  |  Ammonium 

(86)  Dimorphism. — Another  very  remarkable  fact  connected 
with  crystallization  has  been  observed  in  a  few  bodies.  Some 
substances,  sulphur,  for  example,  are  capable  of  assuming  two 
dissimilar  forms,  according  to  the  temperature  at  which  the  crys- 
tals are  produced.  Sulphur,  as  it  is  found  crystallized  in  nature, 
or  as  it  is  obtained  by  tne  spontaneous  evaporation  of  its  solution 
in  bisulphide  of  carbon  or  in  chloride  of  sulphur,  is  deposited  in 
the  form  of  octohedra  with  a  rhombic  base,  which  is  one  of  the 
forms  of  the  4th,  or  prismatic  system.  When  obtained  by  the 
slow  cooling  of  a  mass  of  melted  sulphur,  beautiful  amber- 
coloured  prismatic  crystals  are  obtained,  belonging  to  the  5th,  or 
oblique  system.  These  oblique  prisms,  in  the  course  of  a  few 
days,  at  the  usual  atmospheric  temperature,  become  opaque, 
lose  their  cohesion,  and  are  gradually  converted  into  a  congeries 
of  octohedra.  A  similar  change  is  produced  in  the  octohedral 
crystals  by  exposing  them  for  some  time  to  a  heat  of  about  230°, 
but  the  opacity  is  in  this  case  due  to  the  formation  of  prismatic 
crystals.  The  crystalline  axes  of  the  two  forms  differ,  and  conse- 
quently the  crystals  belong  to  different  systems.  Bodies  capable 
of  thus  assuming  two  forms  geometrically  incompatible  are  said 
to  be  dimorphous. 

Many  other  instances  might  be  mentioned.  Carbon,  in  its 
pure  state,  as  it  occurs  in  the  diamond,  is  crystallized  in  the  1st, 
or  regular  system,  in  octohedra,  or  in  allied  forms ;  but  in  gra- 
phite, as  it  separates  from  cast  iron  when  fused,  it  assumes  the 
shape  of  six-aided  plates,  which  belong  to  the  rhombohedral  sys- 
tem. Carbonate  of  calcium  usually  occurs  in  forms  of  the  3d 
system,  reducible  by  cleavage  to  rhombohedra,  like  those  of  Ice- 
land spar,  and  it  is  thus  forjned  by  crystallization  at  low  temper- 
atures ;  but  occasionally  it  occurs  in  the  rectangular  prisms  of 
the  4th  system,  as  in  the  mineral  aragonite ;  and  tne  microscopic 
crystals  which  are  formed  when  the  carbonate  of  calcium  is  de- 
posited from  its  solution  by  carbonic  acid  in  water,  on  the  appli- 
cation of  a  heat  of  212°,  have  also  this  form  (G.  Rose).  Another 
beautiful  instance  of  dimorphism  is  afforded  in  iodide  of  mercury. 
When  this  body  is  heated,  it  fuses,  boils,  and  is  converted  into 
vapour,  which  condenses  upon  the  side  of  the  tube  as  a  yellow 
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crystalline  crust,  composed  of  minute  rhombic  plates.  The  ap- 
plication of  a  slight  mechanical  force,  such  as  a  mere  scratch 
upon  a  single  point,  changes  the  form  from  the  rhombic  plate  to 
that  of  an  octohedron  with  square  base,  and  the  change  is  ren- 
dered visible  to  the  eye  by  the  accompanying  substitution  of  a 
bright  scarlet  for  the  yellow  colour.  If  the  quantity  of  the  iodide 
operated  on  be  at  all  considerable,  the  temperature  of  the  mass 
may  be  observed  to  rise  as  much  as  5°  or  6°  F.  during  the  con- 
version of  the  yellow  into  the  red  salt  (Weber). 

It  is  obvious  that  in  certain  cases  the  forms  of  a  crystal  be* 
longing  to  one  system  may  approach  very  closely  to  those  of 
another  totally  different  system :  for  instance,  bismuth  appears  to 
crystallize  in  cubes,  but  in  reality  it  assumes  the  form  of  a  rhom- 
bohedron,  the  angles  of  which  are  92°  20',  and  8? °  40',  or  so 
close  upon  right  angles,  as  to  ordinary  observation  to  be  con- 
founded with  them :  the  derivative  forms,  however,  in  such  cases 
are  always  very  different,  and  generally  enable  the  observer  to 
point  out  the  true  system  to  which  the  crystal  belongs. 

According  to  the  observation  of  Pasteur,  instances  of  dimor- 
phism usually  occur  when  the  two  forms  are  nearly  upon  the  lim- 
it of  their  respective  systems.  For  example,  the  angles  of  the 
yellow  rhombic  plates  of  the  iodide  of  mercury  do  not  differ 
much  from  those  of  the  octohedron  of  the  prismatic  system  to 
which  the  red  variety  of  this  compound  belongs,  and  a  similar 
remark  is  applicable  to  the  prisms  and  the  octohedra  of  sulphur. 

Some  substances  are  stated  to  be  even  trimorphow,  that  is. 
they  crystallize  in  three  different  systems.  Both  the  seleniate  or 
zinc  (2Sfc&04+7H,0)  and  sulphate  of  zinc  (ZnSO.+TE^O),  and 
the  seleniate  of  nickel  {NiSeO^TE^O)  ana  sulphate  of  nickel 
(2nSOA+7TLtO),  according  to  Mitscherlich,  exhibit  this  pecu- 
liarity. Sulphate  of  nickel  crystallizes  below  59°  F.  in  right 
rhombic  prisms ;  between  59°  and  68°  in  acute  square-based  oc- 
tohedra ;  and  when  the  temperature  is  above  86°  in  oblique  rhom- 
bic prisms.  In  the  first  case  the  crystals  belong  to  the  prismatic, 
in  the  second  to  the  pyramidal,  and  in  the  third  to  the  oblique 
system.  If  the  right  rhombic  crystals  be  placed  in  the  summer's 
gun  for  a  few  days  they  become  opaque,  but  still  retain  the  form 
of  the  prism,  which  is  found,  when  broken,  to  consist  of  a  mass 
of  octohedra.* 

It  is  not  unlikely  that  the  change  of  tenacity  produced  in 
some  of  the  metals  by  elevation  of  temperature,  and  exhibited  in 
a  marked  degree  by  zinc,  is  produced  by  some  modification  of 
their  crystalline  form  under  the  action  of  heat. 

The  influence  of  temperature  in  thus  subverting  the  direction 
of  the  molecular  forces  in  obedience  to  which  crystals  are  formed, 
has  as  yet  scarcely  been  made  the  subject  of  systematic  research ; 
its  farther  prosecution,  however,  cannot  fail  to  throw  much  addi- 

*  According  to  De  Marignao,  however,  sulphate  of  nickel  in  the  second  and  third 
forma  contains  1  H»0  less  than  it  does  when  crystallized  in  right  rhombic  prisms ;  and 
if  this  be  true  for  sulphate  of  nickel,  it  is  most  probably  the  case  with  the  other  salts 
above  mentioned  as  trhnorphous. 
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tional  interesting  light  upon  our  knowledge  of  the  operation  of 
molecular  force. 

(87)  AUotrqpy. — Independently  of  dimorphism,  the  particles 
of  many  solids  are  capable  of  other  modes  of  arrangement,  which, 
without  altering  the  chemical  composition  of  the  body,  yet  pro- 
duce a  very  important  modification  of  many  of  its  properties,  both 
chemical  and  physical.    , 

There  appear  to  be  four  different  conditions  in  which  solid 
bodies  may  exist.  They  may  be — 1st,  crydaOme,  as  diamond, 
garnet,  felspar ;  2nd,  vitreous  or  glassy,  as  class  itself,  transparent 
arsenious  anhydride,  and  barley-sugar ;  3rd,  amorphous,  or  desti- 
tute of  crystalline  form  altogether,  as  tinder,  chalk  or  clay ;  and 
4th,  organized,  or  arranged  in  masses,  consisting  of  cells,  fibres, 
or  membranes,  like  the  tissues  of  animals  or  vegetables,  as  hair, 
muscle,  skin,  wood,  bark,  leaves,  &c.  To  these  organized  struc- 
tures, no  farther  allusion  will  for  the  presen  be  made,  since  they 
are  producible  only  by  the  living  organism.  Many  substances 
are  capable  of  assuming  indifferently  any  one  of  the  first  three  of 
these  conditions.  Sulphur,  for  example,  often  occurs  naturally 
in  beautiful  octohedral  crystals,  and  may  always  be  obtained  in 
this  form  by  allowing  its  solutions  to  evaporate  spontaneously  in 
the  air.  These  crystals  are  hard  and  brittle,  and  they  may  easily 
be  dissolved  in  bisulphide  of  carbon.  But  if  a  quantity  of  these 
crystals  be  melted,  and  heated  considerably  beyond  the  boiling 
point  of  water,  and  the  liquid  be  then  suddenly  cooled  by  poiqr- 
mg  it  into  cold  water,  a  tough,  flexible,  transparent  substance, 
of  an  amber  colour,  is  procured,  which  may  be  kneaded  in  the 
hand  or  drawn  out  into  long  threads,  and  is  less  easily  inflamed 
than  ordinary  sulphur.  This  constitutes  vitreous  sulphur ;  but 
if  it  be  left  for  a  few  days,  it  becomes  brittle,  opaque,  and  partly 
crystalline.  However,  it  is  not  all  crystallized,  for  if  digested 
with  bisulphide  of  carbon,  part  of  it  only  will  be  dissolved ;  the 
crystallized  portion  is  taken  up,  and  a  buff-coloured  powder  is 
left,  which  is  insoluble.  It  has  no  crystalline  appearance,  and  is 
amorphous  sulphur.  This,  if  melted  by  heat,  becomes  as  soluble 
as  before.  In  addition  to  these  alterations  in  consistence,  colour, 
inflammability,  and  solubility,  differences  in  the  density  are  ob- 
served : — 

Octohedral  sulphur  has  a  specific  gravity  of    2*05 
Prismatic  sulphur  "  "  1*955 

Vitreous  sulphur  "  "  1-957 

Corresponding  differences  in  the  specific  heat  have  been  observed 
in  these  different  conditions. 

These  three  different  forms  of  sulphur  are  called  attotropie 
modifications  of  sulphur,  and  the  existence  of  the  same  substance 
in  different  forms,  each  endowed  with  different  properties,  is 
called  allotropyy  (from  oXXo?  another,  and  t/xwto?  manner). 

Phosphorus  affords  another  excellent  instance  of  this  singu- 
lar series  of  modifications.    Phosphorus,  when  first  prepared  and 
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as  sold  in  the  shops,  is  in  the  form  of  transparent,  flexible,  waxy- 
looking  sticks  which  are  of  the  vitreous  variety.  In  this  form  it 
is  freely  soluble  in  bisulphide  of  carbon,  melts  in  warm  water  at 
a  heat  very  little  above  that  o"f  the  human  body,  and  is  so  inflam- 
mable, that  if  left  exposed  to  the  air,  even  for  a  few  minutes,  in 
-warm  weather,  it  often  takes  fire  and  burns  with  great  violence. 
Phosphorus  has  also  been  obtained  in  crystals,  which  are  equal- 
ly inflammable  with  the  common  form.  But  if  phosphorus  be 
put  into  a  flask  filled  with  nitrogen  or  carbonic  acid  gas,  to  pre* 
vent  it  from  taking  fire,  and  be  heated,  with  various  precautions 
to  avoid  accident,  up  to  the  melting  point  of  tin  (442°),  or  rather 
higher,  in  a  few  hours  it  will  be  changed  into  a  red  powder 
which,  when  properly  purified,  may  be  exposed  to  the  air  with- 
out any  danger  of  taking  fire.  In  this  condition  it  does  not  melt 
until  heated  to  500°,  or  even  beyond  that  temperature ;  and  it  is 
quite  insoluble  in  bisulphide  of  carbon.    Yet  it  is  pure  phos- 

S horns,  although  in  the  amorphous  condition.  By  heating  it  to 
etween  500°  and  600°,  in  a  retort  or  vessel  from  which  the  air 
is  excluded,  it  melts,  and  then  cannot  be  distinguished  from  the 
original  phosphorus  that  furnished  it.  In  addition  to  these 
alterations  in  solubility,  colour,  inflammability,  and  external  ap- 
pearance, differences  in  the  specific  gravity  and  in  specific  heat 
nave  been  observed. 

Many  other  elementary  bodies  exhibit  analogous  allotropic 
modifications,  and  their  number  will  no  doubt  be  increased  as 
researches  in  this  direction  become  multiplied.  It  is  probable, 
indeed,  that  such  modifications  exist  in  all  the  elements,  although 
the  properties  of  the  different  forms  are  certainly  not  always  so 
dissimilar  as  in  the  cases  already  quoted.  Even  in  permanent 
gases  we  have  indications  of  allotropy,  the  remarkable  substance 
ozone  having  been  ascertained  to  be  oxygen  in  a  particularly  ac- 
tive condition.  The  consideration  of  special  instances  of  allotro- 
py will  be  deferred  until  the  properties  of  the  bodies  themselves 
are  detailed.  Allotropy  does  not  appear  to  be  confined  to  elemen- 
tary bodies ;  but  in  compounds  it  is  not  always  easy  to  determine 
whether  the  corresponding  modifications  may  not  be  due  to  alter- 
ations in  chemical  composition,  arising  from  a  change  in  the 
mode  of  combination  of  the  different  component  elementary 
bodies  with  each  other. 

It  is  certain,  whatever  be  the  causes  which  thus  influence 
molecular  arrangement,  that  the  particular  arrangement  which 
such  causes  may  produce  in  any  given  case,  has  a  very  material 
influence  in  moaifying  the  physical  properties  of  the  body. 
When  a  body  is  homogeneous,  or  when  it  is  symmetrically  ar- 
ranged, as  in  the  crystals  belonging  to  the  regular  system,  the 
transmission  of  light,  the  expansion  by  heat,  and  the  conduct- 
ing power  of  the  body  for  heat,  is  uniform  in  every  direction ; 
bat  when  the  molecular  forces,  as  shown  by  the  form  of  the 
crystal,  are  more  powerful  in  one  direction  than  in  others, 
immediately  a  corresponding  irregularity  in  the  action  of  the 
body  on  light,  and  in  its  expansive  and  conducting  powers  for 
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heat,  may  be  traced ;  probably  similar  irregularities  would  be 
found  in  its  power  of  transmitting  sound,  and  in  allowing  the 
passage  of  electricity  and  maametism.* 


found  in  its  power  ox  transmitting 
passage  of  electricity  and  magnetism 


CHAPTER  IT. 

LIGHT. 

Nature  of  Light — Undulations — Reflection — Refraction — Pro- 
duction of  Colour — Interference — Double  Refraction — 
Polarization. 

(88)  Chemical  Relations  of  Light. — The  force  of  light  which, 
operating  through  the  eye,  gives  exercise  to  the  sense  of  vision,  is 
one,  which,  until  within  the  last  few  years,  would  have  been 
.thought  to  nave  little  connexion  with  chemistry.  Now,  however, 
the  case  is  otherwise,  and  an  acquaintance  wiui  the  fundamental 
laws  and  properties  of  light  is  indispensable  to  the  chemist.  The 
physical  characters  of  an  object,  revealed  by  its  action  on  light, 
are  often  of  the  greatest  chemical  value.  Differences  in  refrac- 
tive power,  for  example,  furnish  in  many  cases  the  most  rapid 
and  satisfactory  proof  of  the  genuineness  or  adulteration  of  an  es- 
sential oil.  V  arieties  in  the  amount  and  direction  of  circular 
polarization  afford  the  best  means  in  certain  cases  of  arriving  at 
a  knowledge  of  the  varieties  and  proportions  of  sugar  in  complex 
saccharine  liquids.  By  the  action  of  polarized  light,  the  diamond 
and  other  precious  gems  may  be  distinguished  from  spurious 
imitations. 

But  besides  the  indirect  assistance  tkus  afforded  to  chemistry, 
the  researches  of  the  last  sixty  years  have  been  gradually  devel- 
oping the  vast  importance  of  light  as  an  agent  in  producing  the 
chemical  changes  which  are  continually  in  operation  upon  the 
surface  of  the  earth,  and  they  have  at  length  shown  that  this 
wonderful  emanation  from  the  sun  is,  conjointly  with  heat,  the 
mainspring  which  maintains  the  chemical  actions,  and  with  them 
the  existence,  of  all  the  varied  forms  of  organic  life  which  teem 
around  jib.  The  fixation  of  carbon  in  the  vegetable  creation,  the 
accumulation  of  materials  for  our  habitations  and  for  fuel,  and 
the  maintenance  of  a  uniform  composition  in  the  atmosphere, 
may  be  mentioned  in  illustration  of  the  importance  of  its  chemi- 
cal actions ;  whilst  the  fascinating  art  of  photography  gives  proof 
of  the  rapidity  and  the  variety  of  the  changes  which  it  produces. 

The  investigation  of  the  laws  of  light  oelongs  to  the  science 
of  optics ;  in  the  following  pages,  therefore,  reference  will  only 

*  Since  this  paragraph  was  written,  Wertheim  has  proved  that  the  velocity  of  sound, 
when  transmitted  through  wood,  is  nearly  five  times  as  great  when  transmitted  in  the 
direction  of  the  fibre,  as  when  transmitted  across  it;  and  Wiedemann  has  shown  thai 
electric  induction  occurs  with  varying  degrees  of  facility  in  different  directions  in  the 
>  doubly  refracting  crystal 
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be  made  to  some  of  its  principal  properties,  a  knowledge  of 
which  will  be  a  necessary  preparation  to  the  study  of  its  chemi- 
cal effects. 

(89)  Sources  of  Light. — 1.  The  great  natural  sources  of  light 
are  the  sun  and  the  heavenly  bodies,  but  there  are  several  modes 
of  procuring  light  by  artificial  means. 

2.  Ignition  of  Solids. — Whenever  any  solid  object  is  raised 
to  a  high  temperature  (beyond  900°  or  1000°  F.),  it  becomes  lu- 
minous. A  current  of  gaseous  matter  may  have  a  temperature 
of  upwards  of  2000°  without  becoming  luminous.  If,  however^  . 
a  solid  be  introduced  into  such  a  current,  it  begins  to  throw  off 
light  in  all  directions,  even  though  it  may  not  burn  and  may  ex- 
perience no  chemical  change;  under  such  circumstances,  it  is 
said  to  become  incandescent.  The  colour  of  the  light  varies  with 
the  intensity  of  the  heat.  When  first  perceptible  it  is  of  a  dull 
red  colour,  and  as  the  temperature  rises,  it  passes  through 
orange  and  yellow  into  a  fiill  white,  which,  when  the  heat  be- 
comes extremely  intense,  assumes  something  of  a  violet  tinge. 

The  experiments  of  Draper  {Phil.  Mag.y  May,  1847,  p.  345) 
show  that  platinum  begins  to  emit  light  in  the  dark  at  a  tem- 
perature which  he  estimates  at  about  977°.  He  also  found,  by 
introducing  different  substances  into  a  clean  gun-barrel,  and 
raising  the  barrel  to  g.  dull  red  heat  and  then  looking  down  into 
the  barrel,  that  they  all  became  red  hot  at  the  same  time  within 
the  barrel.  The  materials  submitted  to  experiment  were,  plati- 
num, brass,  antimony,  lead,  and  gas  carbon ;  to  these  I  may  add, 
porcelain,  black-lead  ware,  copper,  and  palladium.  Chalk  and 
marble  became  visible  before  the  barrel  was  red  hot,  and  the 
phosphorescence  of  fluor  spiff  was  still  more  marked.  At  a  tem- 
perature which,  from  the  expansion  of  the  platinum,  Draper  esti- 
mated at  1280°  F.,  the  light  of  a  strip  of  platinum,  heated  by  the 
voltaic  current,  was  red,  and  extending  up  to  the  line  F  of  the 
solar  spectrum  (106) ;  the  colour  of  the  emitted  light  was  green- 
ish grey.  At  1325  the  spectrum  was  prolonged  into  the  bluish 
green.  At  1440°  the  blue  extended  oeyond  Fraunhofer's  line 
G ;  and  at  2130°  a  pure  and  intense  spectrum,  reaching  as  far  as 
EL,  was  obtained. 

This  observation  may  be  carried  still  further  by  noting  the 
effects  produced  upon  the  increase  in  the  extent  of  the  chemical 
action  in  the  more  refrangible  portion  of  the  spectrum,  as  the 
temperature  is  pushed  stilfnigher.  The  temperature  of  the  vol- 
taic arc  and  of  the  electric  spark  may  thus  be  inferred  greatly  to 
transcend  that  of  the  sun  and  oxyhydrogen  jet. 

All  our  artificial  lights  depend  upon  the  ignition  of  solid  mat- 
ter, in  the  intense  heat  developed  by  the  cnemical  changes  at- 
tendant on  combustion.  One  of  the  most  remarkable  instances 
of  the  production  of  light  in  this  manner,  is  afforded  by  directing 
an  ignited  jet  of  mixed  oxygen  and  hydrogen  gases  upon  a  piece 
of  lime ;  the  burning  gas  alone  gives  scarcely  any  sensible  light, 
but  the  moment  that  the  lime  becomes  thoroughly  heated,  the 
brilliancy  of  the  light  becomes  too  great  for  the  eye  to  bear. 
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3.  Phosphorescence  by  Seat — Some  substances  of  mineral 
origin,  when  gently  heated,  emit  a  feeble  light,  which  in  a  short 
time  ceases,  and  cannot  be  again  renewed  until  after  the  body 
has  been  exposed  to  the  light  of  the  sun,  or  to  that  emitted  by 
the  discharge  of  the  Leyden  jar  (112V  Native  phosphate  of  cal- 
cium or  phosphorite,  and  a  variety  oi  fluor  spar  Known  as  chloro- 
phane,  exhibit  the  phenomenon  very  distinctly. 

4.  Luminous  Animals. — The  existence  of  phosphorescence 
may  be  recognised  in  the  animal  kingdom.  The  waters  of  the 
ocean  in  different  parts  of  the  globe,  and  at  different  times,  ap- 
pear to  be  luminous  throughout  from  the  presence  of  countless 
hosts  of  luminous  animalculse :  but  usually  the  light  of  the  sea 
appears  to  be  developed  only  by  agitation,  and  the  crest  of  every 
wave  may  often  be  seen  to  be  tipped  with  a  beautiful  fringe  of 

1>ale  green  light.  The  glow-worm  and  the  fire-fly  offer  other 
amiliar  instances  of  the  same  nature.  Some  kinds  of  scolopendra, 
in  passing  over  the  ground,  leave  a  luminous  trail  behind  them. 
Within  certain  limits,  this  power  of  emitting  light  appears  to  be 
under  the  control  of  the  animal,  and  it  ceases  in  a  few  hours  after 
vitality  is  destroyed. 

5.  Phosphorescence  of  Decaying  Organic  Matter. — Sea  fish, 
in  general,  and  whiting,  herring,  and  mackerel,  in  particular, 
soon  after  death,  exhibit  a  luminous  appearance ;  the  light  is 
most  intense  before  putrefaction  commences,  and  gradually  disap- 
pears as  decomposition  proceeds.  In  order  to  observe  the  phe- 
nomenon distinctly,  the  fish  should  be  gutted,  and  the  roes  and 
scales  removed.  The  entire  fish,  and  especially  the  soft  roe,  ex- 
hibits the  light.  By  placing  such  luminous  fish  in  weak  saline 
solutions,  such  as  those  of  Epsom  salts,  Glauber's  salts,  or  com- 
mon salt,  these  solutions  likewise  become  luminous,  and  the  ap- 
pearance continues  for  some  days ;  it  is  particularly  visible  when 
the  liquids  are«agitated.  The  light  is  quickly  extinguished  by 
the  addition  of  pure  water,  of  lime  water,  of  fermented  liquids, 
of  acid  and  alkaline  liquids,  and  of  strong  saline  solutions,  in 

general ;  the  saline  solutions,  however,  on  being  diluted  recover 
leir  luminosity.  If  the  fish  be  exposed  to  a  cold  sufficient  to 
freeze  it,  the  %  luminosity  disappears,  but  it  returns  when  it  is 
thawed  ;  luminous  wood  also  ceases  to  emit  light  below  32°.  A 
temperature  of  about  100°  seems  to  be  that  most  favourable  to  the 
appearance  of  this  remarkable  light ;  it  disappears  considerably 
below  212°,  and  the  faculty  oi  again  becoming  luminous  on 
cooling  is  speedily  destroyed  by  the  continuance  of  the  heat. 
(Hulme,  Phil.  Trans.,  1800.) 

0.  Electricity. — The  transient  light  of  the  electric  spark,  and 
the  intense  glare  attendant  on  a  flash  of  lightning,  are  familiarly 
known ;  but  electricity  may  likewise  be  made  to  give  a  continu- 
ous and  abundant  supply  of  light :  the  ignition  of  charcoal-points 
between  the  wires  of  a  voltaic  battery  may  be  made  to  yield  a 
light  which  dazzles  the  unprotected  eye.  Attempts  have  been 
made  recently  to  apply  this  light  to  the  purposes  of  illumination 
on  a  large  scale,,  though  as  yet  with  imperfect  results.     Other 
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leflB  important  sources  of  light,  such  as  the  friction  of  two  pieces 
of  quartz  or  of  loaf  sugar,  may  also  possibly  be  of  electrical  origin. 
7.  Crystallization. — light  is  likewise  developed,  under  cer- 
tain circumstances,  in  the  act  of  crystallization.  When  the  trans- 
parent form  of  arsenious  anhydride  is  dissolved  in  hot  hydro- 
chloric acid,  the  liquid  as  it  cools  deposits  crystals  of  opaque,  white 
arsenious  anhydride :  if  the  process  be  watched  in  a  darkened 
room,  the  separation  of  each  crystal  will  be  seen  to  be  accom- 
panied by  a  faint  flash.  Fused  sulphate  of  sodium,  and  one  or 
two  other  vitrified  salts,  when  dissolved  in  water  and  crystal- 
lized, exhibit  the  same  phenomenon  which  appears  to  accompany, 
the  transformation  of  a  vitreous  into  a  crystalline  solid. 

(90)  Theories  of  Light —  Undulations, — Two  hypotheses  have 
been  proposed  to  account  for  the  phenomena  of  light.  Upon  the 
first  of  these,  the  theory  of  emdesioh,  it  is  imagined  that  all  lu- 
minous bodies  are  constantly  throwing  off  into  space  a  luminous 
matter,  the  particles  of  which  are  inconceivably  minute,  and  are 
projected  with  a  velocity  equally  inconceivable.  These  particles, 
when  they  fall  upon  any  object,  are  reflected  more  or  less  com- 
pletely from  its  surfaces ;  and,  entering  the  transparent  portions 
of  the  eve  form  images  upon  the  retina  or  expanded  termina- 
tion of  tne  optic  nerve,  and  are  bjr  it  transmitted  to  the  brain ; 
the  result  enabling  us  to  see  the  object  from  which  the  light  was 
reflected. 

Upon  the  second  hypothesis,  that  of  tmdulation,  recourse  is 
had  to  the  supposition  of  a  perfectly  elastic  medium  or  ether  of 
inconceivable  tenuity,  filling  all  space,  and  the  interstices  of  all 
material  objects.  This  medium  is  not  light  itself,  but  it  is  sus- 
ceptible of  being  thrown  into  the  vibrations  which  constitute 
light,  by  impulses  incessantly  emanating  from  all  luminous  ob- 
jects, rortions  of  the  vibrations  thus  excited  are  collected  by 
the  lenses  of  the  eye,  and  thrown  upon  the  retina.  Upon  this 
theory,  therefore,  the  phenomena  are  explicable  upon  a  mechan- 
ism similar  to  that  by  which  the  vibrations  of  elastic  media  are 
known  to  be  propagated ;  such,  for  example,  as  that  by  which  the 
undulations  of  the  atmosphere  are  conveyed  to  the  ear  and  excite 
the  sensation  of  sound.  The  ether  by  means  of  which  light  is 
transmitted,  though  possessed  of  inertia,  is  not,  like  the  atmo- 
sphere, affected  by  the  force  of  gravity. 

jLt  present,  the  theory  of  undulation  is  all  but  universally 
adopted,  as  it  affords  the  most  complete  explanation  of  the  facts 
upon  which  the  science  of  optics  is  based.  The  analogies  be- 
tween light  and  sound  are  not  the  least  striking  and  interesting 
amongst  the  proofs  adduced  in  its  support.  Indeed,  it  will  great- 
ly facilitate  tne  comprehension  of  the  mechanism  by  which  light 
is  suppcped  to  be  propagated,  if  we  first  examine  some  of  the 
phenomena  of  sound,  which  adinit  of  being  traced  in  a  manner 
more  directly  appreciable  to  common  apprehension  than  those  of 
light. 

(91)  Ittvrtrations  of  Undulations  from  the  Phenomena  of 
Sound. — We  have  abundant  evidence  of  the  fact  that  sound, 
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whenever  produced,  arises  from  a  series  of  vibrations  which  are 
occasioned  by  any  sudden  impulse,  such  as  a  blow,  communicated 
to  any  substance,  possessed  of  even  a  very  slight  degree  of  elasti- 
city. In  other  words,  the  impression  which  we  receive  is  due  to 
the  vibration  into  which  the  particles  of  the  sounding  body  are 
thrown  ;  these  vibrations  react  upon  an  elastic  medium,  such  as 
the  air :  the  impulses  are  communicated  by  the  motions  of  the 
particles  of  air  to  the  ear,  and  by  reaction  upon  the  auditory 
nerves  they  excite  the  sense  of  hearing. 

These  motions  of  sounding  bodies  are  frequently  not  too  rapid 
to  be  traced  by  the  eye ;  fofr  example,  a  stretched  string  whilst 
sounding  may  be  easily  seen  to  be  in  rapid  vibration.  Again,  if 
a  goblet  be  dmsted  over  with  a  little  sand,  or  any  fine  powder, 
and  a  violin  bow  be  drawn  across  its  edge  so  as  to  elicit  a 
sound,  the  particles  of  dust  will  be  briskly  agitated.  And  in  the 
common  experiment  of  half  filling  a  finger  glass  with  water,  and 
producing  a  sound  by  drawing  the  moistened  finger  along  its 
edge,  the  water  within,  whilst  the  sound  lasts,  is  beautifully  rip- 
pled, to  an  extent  corresponding  with  the  loudness  of  the  tone. 
These  motions  are  also  distinctly  visible  in  the  prongs  of  a  tuning- 
fork  whilst  it  is  in  the  act  of  producing  sound  (fig«  65).  Such  vi- 
brations, however,  to  render  them  audible,  require  the 
Fiq.  65.  intervention  of  an  elastic  medium  to  convey  them  to  the 
ear.  If  a  bell  be  suspended  in  the  receiver  of  the  air 
pump,  and  struck,  it  will  be  distinctly  heard  whilst  the 
vessel  is  Ml  of  air ;  but,  as  the  exhaustion  proceeds,  on 
repeating  the  stroke,  it  will  gradually  become  feebler, 
and  at  last  will  be  inaudible,  or  nearly  so. 

Other  media  besides  air  may,  however,  be  employed 
for  the  transmission  of  sound.  A  bell  may  be  rung,  for 
instance,  under  water,  and  will  be  heard  by  a  person  also 
under  the  water  at  even  a  greater  distance  than  in  the  air. 
Wood  will  likewise  transmit  sound  freely,  and  to  still 
greater  distances  than  atmospheric  air. 

These  impulses  require  time  for  their  propagation,  and 
the  rate  of  propagation  varies  in  different  bodies.  Sound 
travels,  for  example,  at  the  rate  of  1130  feet  in  a  second 
through  air,  of  4900  feet  through  water,  and  of  17,400 
feet  per  second  through  a  deal  rod. 

The  intensity  of  sound,  like  that  of  all  forces  radiating 
from  a  centre,  diminishes  as  the  square  of  the  distance ;  and  as 
it  is  propagated  in  waves  or  undulations,  it  is  subject  to  reflec- 
tion jfepom  obstacles  interposed  in  its  course,  producing  the  various 
kinds  and  forms  of  echo. 

(92)  Varieties  of  Sound. — Sounds  differ  from  each  other  in 
loudness,  quality,  and  pitch.  The  loudness  of  a  sound,  depends 
upon  the  extent  of  the  vibration.  A  tuning-fork  vibrating  free- 
ly in  the  air  produces  only  a  feeble  sound ;  but  if  the  handle  be 
placed  upon  a  table  whilst  the  prongs  are  vibrating,  the  wooden 
surface  is  thrown  into  powerful  simultaneous  vibration,  and  a 
loud  sound  is  emitted.     Quality,  or  timbre,  depends  on  the  form 
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of  the  sounding  body,  and  the  nature  of  the  material  composing 
it,  Differences  such  as  are  perceived  between  the  same  note 
when  produced  by  a  flute,  a  trumpet,  or  a  violin,  are  due  to  this 
variety.  Successive  impulses  following  each  other  rapidly  at 
irregular  intervals,  constitute  a  noise  or  continued  sound,  like  the 
rumbling  of  carriages  in  the  street,  or  the  rattle  of  machinery ; 
but  when  they  follow  at  regular  intervals,  with  a  velocity  exceed- 
ing 16  vibrations  in  a  second,  they  produce  a  musical  note.  The 
mtch  of  the  note  depends  on  the  frequency  of  these  vibrations ; 
the  more  rapid  the  vibrations,  the  sharper  does  the  sound  be- 
come. The  connexion  of  pitcn  with  the  frequency  of  vibration 
may  be  readily  verified  by  pressing  a  card  against  the  edge  of  a 
toothed  wheel,  which  is  made  to  revolve  slowly ;  the  distinct 
strokes  of  the  card  against  each  cog  are  heard  at  first ;  but  by  in- 
creasing the  rapidity  of  rotation,  a  low  humming  note  is  given 
out,  and  as  the  velocity  increases  the  sound  becomes  more  acute. 
Musical  notes  all  have  a  fixed  numerical  relation  to  each 
other,  each  octave  as  the  scale  ascends  having  twice  as  many 
vibrations  in  equal  intervals  of  time  as  the  corresponding  note  of 
the  octave  immediately  below  it.  The  ratios  are  exhibited  in  the 
annexed  table : — 

Hatio  of  the  Sounds  of  the  Musical  Scale. 
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In  tldfl  table,  a  tuning-fork  is  considered  to  have  made  one 
vibration  whilst  the  prong  is  passing  from  a  to  b  (fig.  65),  the 
return  motion  from  b  to  a  being  reckoned  as  a  second  vibration, 
as  in  counting  the  beats  of  the  pendulum.  The  further  consider- 
ation of  this  subject  would,  however,  be  irrelevant  in  a  work  on 
chemistry,  as  it  belongs  to  the  physical  science  of  acoustics. 

It  rarely  happens  that  all  the  particles  of  a  sounding  body 
are  simultaneously  vibrating.  A  sounding  body  generally  di- 
vides itself  into  portions  vibrating  in  opposite  directions ;  the  in- 
termediate lines  or  points  are  quiescent,  and  these  quiescent  por- 
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tions  are  termed  nodal  lines  or  points.  If  a  flat  plate  of  glass  be 
held  horizontally  by  the  point  of  the  finger  and  thumb  near  its 
centre,  and  its  surface  be  sprinkled  with  sand,  on  eliciting  a  musi- 
cal  note  by  drawing  a  violin  bow  across  its  edge,  the  sand  will 
accumulate  on  the  stationary  parts,  and  show  clearly  the  position 
of  the  nodal  lines.  By  altering  the  points  at  which  the  glass  is 
held,  the  nodal  lines,  and  the  note  elicited,  may  be  made  to  un- 
dergo a  variety  of  interesting  changes. 

The  amount  of  force  exerted  by  the  accumulation  of  these 
minute  molecular  motions  is  extraordinary.  A  feat  occasionally 
performed  by  a  powerful  singer  is  to  crack  a  glass  by  swelling 
nis  voice  upon  the  note  to  which  the  glass  responds.  Savart  has 
made  some  important  experiments  in  relation  to  this  subject. 
{Ann.  de  Chi/m%ey  II.  lxv.  384.)  He  found  that  a  copper  band, 
10  feet  long,  T47  inch  wide,  f7  inch  thick,  will  sustain  a  weight 
of  90  lb.  without  becoming  perceptibly  lengthened,  but  if  made 
to  vibrate  longitudinally  whilst  thus  stretched  it  will  become 
lengthened  6  or  7  inches.  In  the  same  way  a  cylinder  of  brass 
1*37  inch  in  diameter,  became  lengthened  during  its  longitudinal 
vibration,  to  an  extent  that  would  have  required  the  application 
of  a  direct  strain  equal  to  4000  lb.  It  is  needless  to  insist  on  the 
important  practical  bearing  of  these  facts  on  the  construction  of 
metallic  machinery  liable  to  regular  partial  oscillation,  however 
slight  or  apparently  trivial  such  vibrations  may  be. 

The  experiments  just  detailed  will  show  m  what  way  it  has 
been  clearly  ascertained  that  it  is  by  successive  regularly  recurring 
motions,  or  undulations,  that  sound  is  propagated.  A  similar 
principle  has  been  with  great  success  applied,  with  certain  modi- 
fications, to  trace  the  yet  more  interesting  and  complicated  phe- 
nomena exhibited  by  light. 

(93)  Mechanism  of  Undulation. — The  mode  in  which  the 
undulations  of  light  are  transmitted  may  be  illustrated  by  loosely 
stretching  a  long  cord,  and  striking  it  from  above  downwards 
near  one  end :  the  motion  will  be  propagated  in  successive  waves 
from  one  extremity  to  the  other,  each  portion  of  the  cord  becom- 
ing alternately  first  higher  and  then  lower  than  the  position 
which  it  assumes  when  at  rest.  In  the  passage  of  a  ray  of  light, 
the  motions  of  the  particles  of  ether  interposed  between  the  eye 
and  the  luminous  object,  will,  like  those  of  the  cord,  be  at  right 
angles  to  the  track  of  the  ray,  or  to  that  line  in  which  the  wave 
is  advancing,  and  in  the  same  plane  as  that  in  which  the  impulse 
was  given.  If  the  cord  be  struck  from  above  downwards,  the 
waves  will  be  upwards  and  downwards ;  if  laterally,  the  waves 

will  occur  from    side  to  side. 

Ro.  w.  Let  b  s  (fig.  66)  be  the  direction 

0  /-n    ^  -rrr   r^  °'  *^e  n7i  ^e  motion  of  the 

\  /\T'd\l\)Vd\jR'    particles  of  the  ether  will  be  in 

*  the  direction  a  ft,  at  right  angles 

to  the  course  of  the  ray. 

A  similar  movement  takes  "place  in  water  when  a  stone  is 
dropped  into  it,  or  when  its  surface  is  ruffled  by  a  breexe. 
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Though  the  motion  is  propagated  from  the  point  struck,  towards 
the  edges,  in  circles  continually  widening,  the  particles  of  the 
liquid  tnemselves  do  not  travel  onwards  from  the  centre  towards 
the  circumference,  but  are  alternately  elevated  and  depressed,  as 
may  be  seen  by  watching  the  movements  of  a  cork  or  other  light 
floating  object;  each  vertical  line  in  succession  receiving  and 
transmitting  the  motion  produced  by  the  first  impulse,  which 
gradually  diminishes  in  intensity  as  the  squares  of  the  distance 
increase,  and  as  the  circle  becomes  more  extended. . 

In  very  compressible  media  like  air,  the  propagation  of  force 
is  also  effected  by  undulation,  as  in  the  phenomena  of  sound ;  but 
in  them  the  particles  undergo  alternate  condensation  and  rarefac- 
tion in  the  same  direction  as  that  in  which  the  motion  is  commu- 
nicated. 

(94)  Transparency  and  Opacity. — Bodies  through  which  light 
passes  freely,  such  as  glass  or  air,  are  termed  transparent;  they 
allow  objects  to  be  seen  through  them,  whilst  the  majority  of 
substances  which,  like  wood,  metals,  &c,  do  not  allow  its  pas- 
sage,* are  designated  as  opaque.  No  substance,  however,  is  per- 
fectly transparent.  The  purest  air  arrests  a  portion  of  light: 
Young  adopts  the  estimate  that  the  horizontal  sunbeams,  which 
pass  through  about  200  miles  of  atmospheric  air  before  they 
reach  the  eye,  possess  only  y^0-y  of  their  original  intensity ;  and 
he  states  that  a  column  of  the  clearest  water  7  feet  in  depth,  ar- 
rests one  half  of  the  light  which  falls  upon  it ;  but  this  assertion 
is  only  true  at  a  particular  obliquity  of  the  ray,  as  the  effect  de- 
pends partly  upon  the  reflection  from  the  surface.  On  the  other 
hand,  there  is  no  such  thing  as  perfect  opacity.  Gold,  which  is 
one  of  the  densest  metals,  may  be  hammered  out  into  very  thin 
leaves,  which  transmit  a  green  light  if  the  metal  be  pure,  and  a 
purplish  light  if  it  be  alloyed  with  silver.  Between  the  extremes 
of  opacity  and  transparency  are  innumerable  gradations.  Bodies 
vary  greatly  in  tramfowmcy,  that  is,  in  their  power  of  transmit- 
ting fight.  Porcelain  is  a  translucent  body ;  it  breaks  up  the 
rays,  but  transmits  a  softened  light,  though  it  does  not  allow  the  « 
form  of  an  object  to  be  seen  if  the  porcelain  be  interposed  be- 
tween that  object  and  the  eye. 

Light  proceeds  through  all  homogeneous  transparent  media 
in  straight  lines  from  the  object ;  these  lines  radiate  in  all  direc- 
tions from  a  luminous  point,  and  a  ray  of  light  is  an  indefinitely 
narrow  portion  of  a  stream  of  light.  The  path  of  the  rays  in  a 
direct  line  may  often  be  traced  across  a  darkened  room  into 
which  a  sunbeam  is  admitted,  by  the  floating  particles  of  dust, 
which  reflect  a  small  portion  of  the  light  in  different  parts  of  its 
course  into  the  eye  of  the  observer.  The  mere  passage  of  light 
through  a  transparent  object  does  not  excite  the  sense  of  vision, 
neither  can  the  eye  track  the  direction  of  the  ray,  unless  the  vi- 
brations be  carried  towards  the  observer  by  reflection  from  the 
surface  of  some  material  object. 

The  impression  of  light  upon  the  retina  lasts  for  a  brief  inter- 
val, varying  in  different  persons  from  TV  to  £  of  a  second,  after 
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the  light  itself  has  ceased,  and  gives  rise  to  many  curious  effects : 
for  instance,  the  act  of  blinking  produces  no  impediment  to  cor- 
rect vision ;  a  bright  point  made  to  revolve  rapidly  in  the  dark 
is  seen  as  a  luminous  circle,  and  the  jets  of  flame  which  in  fire- 
works are  whirled  round  before  the  eyes  of  the  spectators,  as- 
sume the  form  of  wheels  or  stars  of  fire. 

(95)  Law  of  Diminution  of  Light  ly  Distance. — When  light 
diverges  from  a  luminous  centre,  its  intensity  diminishes,  Eke 
that  of  all  radiant  forces,  not  directly  as  the  distance,  but  as  the 
square  of  the' distance.  A  little  consideration  will  render  the 
reason  for  this  obvious : — Suppose  the  flame  of  a  candle,  or  any 
luminous  point,  to  be  placed  in  the  centre  of  a  hollow  sphere  2 
feet  in  diameter,  its  lignt  will  fall  upon  the  whole  internal  surface 
of  the  sphere,  and  the  candle  will  be  1  foot  distant  from  each 
point :  a  square  inch  of  that  surface  will  receive  a  given  amount 
of  light.  The  same  candle,  if  placed  in  the  middle  of  a  globe  4 
feet  in  diameter,  will  be  at  2  feet  distance  from  each  point  of  the 
surface,  or  at  double  the  distance  that  it  was  in  the  first  globe, 
but  its  light  will  still  illuminate  the  whole  of  the  interior.  The 
surface  of  the  second  globe,  however,  is  four  times  greater  than 
that  of  the  first,  because  the  surfaces  of  spheres  are  to  each  other 
as  the  squares  of  their  radii ;  in  this  case  as  Is :  2',  or  as  1  to  4; 
consequently  each  point,  or  each  inch,  of  the  surface  of  the  larger 
sphere,  will  receive  only  one-fourth  of  the  light  that  fell  on  an 
equal  space  in  the  smaller  globe,  and  yet  the  candle  is  only  twice 
as  far  from  it :  so,  if  the  globe  were  8  feet  across,  the  distance  of 
the  candle  being  now  4  times  as  great  as  in  the  first  globe,  the 
surface  to  be  illuminated  is  16  times  as  large,  and  consequently, 
a  square  inch  of  the  8-foot  globe  would  receive  only  TV  of  the 
light  that  fell  on  a  sauare  inch  of  the  2-foot  globe.  A  board  at 
1  yard  from  a  candle  receives  a  certain  amount  of  light,  at  2 
yards  it  receives  J  of  that  amount,  at  3  yards  £,  at  4  yards  TV  : 
and  experiment  shows  that  a  board,  1  foot  square,  at  1  yard  dis- 
tance, would  cast  a  shadow  that  would  cover  a  board  exposing 
v  4  times  the  surface,  or  2  feet  in  the  side,  if  placed  at  a  distance 
of  2  yards,  as  shown  in  fig.  67. 

(96)  Photometry. — An  application 
of  this  law  affords  a  ready  means  of 
approximatively  determining  the  rela- 
tive intensities  of  two  lights  which  do 
not  differ  greatly  in  colour.  Sup- 
pose, for  instance,  it  were  necessary 
to  ascertain  the  illuminating  power 
of  a  gas-light  burning  5  cubic  feet  of 
gas  per  hour,  as  compared  with  that 
of  a  sperm  candle  burning  132  grs.  of 
spermaceti  per  hour: — rlace  at  the 
distance,  say  of  100  inches  from  the 
gas-light,  a  vertical  screen  of  white 
paper,  and  in  front  of  this,  at  an  inch 
distance,  a  narrow  strip  of  wood  or  metal,  so  as  to  cast  a  definite 
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shadow.  .Between  the  gas-light  and  the  screen  place  the  candle, 
at  such  a  distance  that  the  shadow  of  the  same  object  cast  by  the 
candle  upon  the  screen  shall  have  as  nearly  as  possible  the  same 
intensity  as  that  produced  by  the  gas.  Say  that  the  distance  of 
the  candle  from  the  screen  is  27*75  inches.  The  shadow  from 
each  light  is  illuminated  by  the  rays  proceeding  from  the  other 
light.  If  the  shadows  be  sensibly  equal,  the  amount  of  light  fall- 
ing upon  the  screen  from  each  source  must  at  that  distance  be 
equal  also:  the  relative  intensities  of  the  two  lights  are  then 
found  by  squaring  the  distances  of  each  light  from  the  screen ; 
the  gas-light  will  consequently  cast  a  light  which  bears  the  same 
proportion  to  that  of  the  candle  as  100* :  27'75f ;  or  as  16  to  1. 

When  light  falls  upon  any  object  it  may  be  disposed  of  in 
three  different  ways.  1st,  it  may  either  be  bent  back  or  reflected; 
2nd,  it  may  be  allowed  to  pass  on  in  an  altered  direction,  that  is, 
it  may  be  transmitted  and  refracted;  or  3rd,  it  may  disappear 
altogether,  and  be  absorbed. 

Reflection. 

(97)  Reflection. — If  a  ray  of  light  tall  obliquely  upon  a  flat, 
polished  surface,  a  large  proportion  of  the  incident  rays,  or  rays 
which  fall  upon  the  surface,  is  reflected  or  thrown  off  obliquely, 
at  an  angle  formed  on  the  other  side  of  a  perpendicular  to  the 
point  of  incidence,  equal  to  that  formed  between  the  incident  ray 
and  the  perpendicular.  Fig.  68  is  intended  to  illustrate  the  law 
of  reflection.  If  in  this  figure,  in  represent  the  incident  ray,  mm 
the  mirror,  pn  a  perpendicular  to  the  point  of  incidence,  pni  will 
be  the  angle  of  incidence,  nb  the  reflected  ray,  and  pne  the  an- 
gle of  reflection  formed  between  the  same,  perpendicular  and  the 
reflected  ray. 

The  law  which  regulates  the  reflection  of  light  is  expressed  by 
saying  that i  the  angle  of  reflection  is  equal  to  the  angle  of  inci- 
dence ' :  the  incident  and  the  reflect- 
ed ray  are  always  in  the  same  plane,  Fio.  es. 
and  that  plane  is  perpendicular  to 
the  reflecting  surface.    When  the  in- 
cident ray  is  perpendicular  to  the 
surface,  the  reflected  ray  is  therefore 
also    perpendicular,    and    coincides 
with  tne  incident  ray,  but  it  does  so 
in  no  other  position. 

In  fig.  68,  the  angle  of  reflection, 
p  k  b,  is  equal  to  the  angle  of  incidence, 
pni,  but  they  are  on  opposite  sides  of  X. 

the  perpendicular.    A  person  looking  \  * 

into  the  mirror  at  r,  would  see  the  ft 

candle  behind  the  mirror.   An  object 

always  appears  to  lie  in  the  direction  of  the  line  which  the  ray 
last  traversed  when  it  reaches  the  eye. 

The  power  of  reflecting  light  varies  very  greatly  in  different 
9 
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bodies.  In  some,  as  in  the  metals,  reflection  is  almost  perfect ; 
in  others,  as  in  charcoal,  or  in  black  velvet,  it  is  almost  wanting ; 
but  whenever  light  passes  out  of  one  medium  or  transparent  body 
into  another,  no  matter  how  perfect  the  transparency  of  such 
media  may  be,  reflection  more  or  less  complete  takes  place  at 
their  common  surface,  and  the  greater  the  difference  in  refractive 
density  of  the  two  media,  the  more  complete  is  the  reflection. 

Except  in  the  case  of  the  metals,  in  which  reflection  is  most 
complete  at  the  smaller  angle  of  incidence,  it  is  found  that  the 
greater  the  angle  of  incidence  the  more  complete  is  the  reflection ; 
so  that  the  surface  of  a  smooth  body,  such  as  plaster  of  Paris,  or 
hot  pressed  writing-paper,  may  thus  afford  a  tolerably  perfect 
image  of  a  luminous  object,  if  the  reflection  be  effected  under  a 
great  angle. 

Bodies  in  general  do  not  possess  surfaces  actually  flat;  to 
common  observation  they  may  be  flat,  bnt  when  optically  exam- 
ined, their  surface  is  found  to  consist  of  an  indefinite  number  of 
minute  planes  inclined  to  each  other  at  all  possible  angles,  and 
therefore  receiving  and  reflecting  light  in  all  possible  directions. 
When  by  the  operation  of  polishing  they  are  so  much  reduced  as 
not  to  be  elevated  or  depressed  more  than  about  the  millionth  of 
an  inch,  they  appear  to  become  incapable  of  acting  separately, 
and  produce  the  effect  of  a  uniform  surface.  ( Young.)  If  a 
beam  of  light  admitted  into  a  dark  room  falls  upon  a  bright  me- 
tallic surface,  a  brilliant  spot  of  light  will  be  perceived  in  one 
particular  position,  the  direction  of  which  can  be  varied  by  alter- 
ing the  inclination  of  the  mirror  to  the  ray,  but  the  mirror  will 
be  nearly  invisible  in  all  other  directions,  and  the  room  will  ro> 
main  dark  ;  but  if  for  the  mirror  a  sheet  of  white  paper  be  sub- 
stituted, the  paper  will  be  visible  in  every  direction  almost 
equally,  and  a  general  though  slight  illumination  of  the  apart- 
ment will  be  perceived.  It  is  this  irregular  reflection  or  scatter- 
ing of  the  light  in  all  directions,  which  renders  non-luminous  ob- 
jects distinguishable  in  the  light.  The  light  of  the  moon  and  of 
the  planetary  bodies  are  instances  of  this  kind.  A  further  evi- 
dence of  the  value  of  this  scattering  or  secondary  radiation,  is 
afforded  by  the  difference  between  the-  mild  and  softened  light 
which  is  reflected  from  the  heavens  when  partially  covered  with 
clouds,  and  the  strong  lights  which  fatigue  the  eyesight  in  a 
cloudless  summer's  day.  It  is  entirely  to  this  secondary  radiation 
that  we  owe  the  generally  diffused  and  subdued  light  of  day, 
even  when  the  sun  itself  may  be  invisible ;  and  the  morning  and 
evening  twilight,  while  the  great  luminary  itself  is  below  the 
horizon,  is  due  to  the  same  cause,  each  illuminated  particle  of 
the  atmosphere  contributing  its  share  in  producing  this  effect. 

(98)  Reflection  from  Curved  Surfaces. — When  light  is  re- 
ceived upon  a  regular  curved  surface,  it  undergoes  reflection 
according  to  the  usual  law,  the  reflection  from  each  point  of  the 
curved  surface  being,  in  fact,  the  same  as  from  a  plane,  tangent  to 
the  curve  at  the  point  of  incidence.  If,  therefore,  the  form  of  a 
parabolic  concavity  be  given  to  a  mirror,  all  the  reflected  rays 
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will  be  directed  towards  a  point  at  which  they  will  cross  each 
other,  and  continue  their  progress  as  before,  the  upper  ray  now 
becoming  undermost,  and  vice  versa.  This  point  of  intersection 
is  called  the  focus  of  the  mirror. 

Let  m  m,  fig. 
69,  represent  the  R«-  ••• 

section     of     the  *A 

curved  surface ; 
each  of  the  rays 
l  k,  l  b,  will  be 
reflected  from  it 
as  from  planes  tt, 
y  t',  T*'  t",  tan- 
gent to  the  curve 
at  the  points  of 
incidence  of  the 
respective  rays  ; 
they  will  conse- 
quently meet  at  the  focus  f,  cross  there,  and  subsequently  di- 
verge,   p  b,  p  b  represent  the  lines  perpendicular  to  the  tangents. 

Hefraction. 

(99)  Simple  Refraction. — When  a  ray  of  light  falls  upon  the 
surface  of  an  uncrystallized  transparent  substance  of  uniform 
density,  one  portion  of  the  light  is  regularly  reflected,  and  another 
portion  is  scattered,  by  which  the  surface  is  rendered  visible, 
whilst  a  third  portion  is  transmitted.  We  will  now  confine  our 
attention  to  that  portion  of  the  light  which  is  transmitted.  If 
the  ray  be  incident  upon  the  surface  of  the  body  in  a  perpendicu- 
lar direction,  it  continues  its  course  unchanged ;  but  it  it  tall  upon 
the  surface  obliquely,  its  direction  is  suddenly  altered  as  it  enters 
the  transparent  medium ;  it  then  passes  on  in  its  new  direction 
in  a  straight  line,  and  on  quitting  the  medium  it  is  again  abrupt- 
ly bent  back  to  its  original  course,  provided  that  the  surface  of 
entrance  and  the  surface  of  exit  be  parallel  to  each  other.  This 
change  in  the  course  of  the  ray  is 
termed  refraction.  If,  in  fig.  70, 
a  a  represent  a  section  of  a  plate  of 
glass  with  parallel  sides,  a  ray  of 
light,  i  l,  incident  upon  it,  will  not 
pass  straight  on  in  the  direction  l  x, 
out  will  be  deflected  to  l  b,  towards 
the  perpendicular,  pq;  on  quitting 
the  medium  at  b,  it  is  again  bent 
out  of  its  new  direction,  l  t,  towards 
el  but  this  time  the  refraction  is  from 
tne  perpendicular,  b  o,  and  the  ray, 
b  s,  oecomes  parallel  to  its  original 
course,  i  x.  On  passing  from  a  rare 
medium  like  air  into  a  dense  one  like  glass,  the  ray  is  bent 
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towards  a  line  perpendicular  to  the  common  surface  of  the  two 
media ;  on  again  passing  out  from  glass  into  air,  or  from  a  denser 
to  a  rarer  medium,  it  is  bent  from  the  perpendicular  to  the  same 
amount. 

Different  media  vary  greatly  in  refractive  power ;  combusti- 
ble bodies  in  general  having  the  highest  refracting  energy.  It 
was  upon  this  general  observation  that  Newton  founded  his  con- 
jecture that  diamond  was  *  probably  an  unctuous  substance  co- 
Silated ' :  the  combustibility  of  the  diamond  has  been  since 
ly  verified. 

(100)  Law  of  Refraction. — The  more  obliquely  the  light  falls 
upon  the  surface  of  the  refracting  body  the  greater  is  the  amount 
ot  refraction  which  the  ray  experiences.  The  extent  of  the  re- 
fraction, therefore,  varies  with  the  angle  of  incidence,  but  by  a 
knowledge  of  the  following  law  it  may  easily  be  calculated  for  all 
angles  in  any  given  substance,  if  its  amount  for  any  one  angle 
has  been  carefully  determined  for  that  particular  substance. 
This  law  of  refraction  may  be  expressed  by  stating  that  when 
light  passes  from  one  medium  into  another,  *  for  the  same  two 
media,  the  sines  of  the  angles  of  refraction  and  incidence  always 
bear  the  same  proportion  to  each  other.'  The  quotient  obtained 
by  dividing  the  sine  of  the  angle  of  incidence  in  vacuo  by  the 
sine  of  the  angle  of  refraction  in  any  medium,  expresses  the  tndex 
qf  refraction  of  that  medium.  The  incident  and  the  refracted 
ray  are  always  on  opposite  sides  of  a  line  drawn  perpendicular 
to  the  common  surface  of  the  two  media,  but  they  always  lie  in 
the  same  plane,  and  this  plane  is  perpendicular  to  the  surface  of 
the  refracting  medium. 

Fig.  71  may  assist  in  explaining 
*io.  W.  this  important  law.    Let  w  w  repre- 

sent a  section  of  the  refracting  me* 
dium,  i  l  the  incident  ray,  and  l  b 
the  refracted  one.  Let  p  l  q  be  the 
perpendicular  to  the  refracting  sur- 
face, passing  through  the  point  of  in- 
cidence, l.  "With  any  radius,  l  e, 
describe  from  the  centre,  l,  the  cir- 
cle, r  m  p ;  from  m  and  e  let  fall  the 
perpendiculars  m  n  and  b  q,  on  p  q  ; 
m  k  will  then  represent  the  sine  of 
the  angle  of  incidence,  i  l  p,  and  b  q 
the  sine  of  the  angle  of  refraction,  b 
l  q  ;  and  %Z  gives  the  index  of  refraction,  which  is  uniformly 
the  same  for  the  same  substance,  whatever  be  the  angle  of  re- 
fraction. In  the  diamond,  for  instance,  m  isr  is  always  2£  times 
as  long  as  b  q  ;  in  water  it  is  1$  times  the  length  of  b  q. 

The  following  table  contains  the  refractive  powers  of  a 
few  substances ;  the  light  being  supposed  to  pass  from  atmosphe- 
ric air. 
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Diamond 2*489 

Phosphorus 2*224 

Bisulphide  of  Carbon 1678 

Rock  Salt 1-667 

Quartz 1*648 

Castor  Oil 1-490 


OH  of  Vitriol 1484 

Alcohol 1-872 

Ether 1*868 

Water 1-886 

Ice 1-808 

Tabasheer 1-111 


Biot  and  Arago  have  given  the  following  values  for  the  refrac- 
tive power  of  certain  gases  (Biot,  Traite  &  Physique,  iii.  306) : 
the  tnird  column  furnishes  the  absolute  value  under  a  pressure 
of  29*52  inches  of  mercury,  and  at  a  temperature  of  32°,  as  com- 


Kama  of  Gaa 

Observed* 
Sp.  Grmrltjr. 

Water  =  1-0 

Air  =1-0 

Air 

1-00000 
1-10869 
0-86918 
0-07881 
0-69869 
1-61961 
0-67072 
1-24740 

0-00068971 

0-000600*04 

0-000690486 

0-000286816 

0-000762849 

0-000899678 

0-000708669 

0-000879066 

1-00000 
0-86161 
1-08408 
6-61486 
216861 
1-00476 
2-09270 
1-19626 

Oxygen • • 

XfJo*"  •••••••••••••• • 

Hydrogen 

.Anfijmonift. ,, ,,.,..,, 

Carbonic  Acid. 

Marsh  Gas 

Hydrochloric  Acid 

pared  with  the  refracting  power  of  water  at  the  same  tempera- 
ture:  the  fourth  column  shows  the  relative  refracting  power  of 
the  different  gases,  assuming  them  all  to  be  at  the  temperature 
of  32°,  and  that  each  has  been  reduced  by  compression  or  rare- 
faction till  of  the  same  specific  gravity  as  air ;  air  being  taken  as 
1*00000,  and  the  incident  light  being  supposed  to  pass  from  a 
vacuum  into  the  various  media  under  examination. 

Many  familiar  phenomena  receive  an  easy  explanation  from 
the  law  of  refraction.  If  a  coin  be  placed  in  an  opaque  vessel, 
and  .the  observer  retire  until  the  edge  of  the  basin  just  hides  it 
from  his  view,  the  coin  will  again  become  visible  if  water  be 
carefully  poured  in  without  disturbing  its  position ;  the  rays  of 
light  proceeding  from  the  coin,  which  before  passed  above  the 
eye  of  the  observer,  are  now  abruptlv  bent  downwards  from  the 
perpendicular,  as  they  emerge  into  the  air,  and  the  image  of  the  , 
object  is  conveyed  to  the  eye.  The  coin  appears  to  be  raised, 
but  never  displayed  to  the  right  or  to  the  left  of  its  true  position ; 
the  refracted  ray,  notwithstanding  its  change  of  medium,  con- 
tinues in  the  same  plane,  which  is  vertical  to  that  which  forms 
the  common  surface  of  the  refracting  media.  For  a  similar  rea- 
son a  straight  stick  plunged  obliquely  into  water  appears  to  be 
bent  upwards  abruptly,  where  it  enters  the  liquid. 

(101)  Refraction  at  Inclined  Surface*. — Since  the  refractive 
action  is  exercised  at  the  surface  of  junction  between  the  two 
media,  and  is  governed  by  the  inclination  of  the  ray  to  a  perpen- 
dicular to  that  surface,  it  is  manifest  that  by  altering  the^ inclina- 
tion of  the  surface  at  which  the  ray  passes  out  of  the  medium,  the 
inclination  of  the  emerging  ray  may  be  altered ;  so  that,  instead 

*  The  specific  gravities  given  in  the  table  are  those  on  which  the  calculations  were 
founded ;  bat  subsequent  observations  have  shown  that  these  numbers  require  slight 
correction  for  many  of  the  gases.  (146.) 
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of  continuing  its  passage  in  a  direction  parallel  to  the  one  which 
it  possessed  on  entrance,  it  may  be  made  to  deviate  permanently 
from  this  to  a  greater  or  less  extent. 

If  o  o  o  (fig.  72),  repre- 
sent the  section  of  a  triangu- 
lar prism,  or  bar  of  glass, 
the  incident  rayj  i  l,  on  en- 
tering this  medium  is  bent 
towards  the  perpendicular, 
p  p ;  on  quitting  it  at  b,  it 
is  bent  from  the  perpendic- 
ular, Q  p,  and  assumes  a 
course,  b  s,  permanently  de- 
flected from  its  new  direc- 
tion, l  t,  and  from  its  origi- 
nal direction  i  x.  This  de- 
flection is  always  towards 
the  thick  part  of  the  prism. 
By  employing  two  such  prisms  set  base  to  base,  the  rays  may  be 
refracted  towards  one  common  line,  where  they  would  cross  and 
diverge ;  and  by  using  a  lens  of  glass  (fig.  73),  with  two  convex 


X,'' 
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surfaces,  which  are  segments  of  spheres,  the  incident  rays,  b  l, 
b  l,  may  be  caused  to  converge  to  a  common  focus  f  ;  each  por- 
tion of  the  curved  surface  refracting  the  ray  in  the  manner  of  a 
plane,  tt,*^  t'.  t"  t",  tangent  to  the  curve  at  that  particular 
spot  or  point  ot  incidence. 

£102)  Total  Reflection. — In  the  passage  of  light  from  a  den- 
ser into  a  rarer  medium,  as  when  light  passes  from  glass  into  air, 
the  obliquity  of  the  refracted  ray  increases  as  the  angle  of  inci- 
dence increases,  until  at  length  the  refracted  ray  becomes  paral- 
lel to  the  common  surface  of  the  two  media.  Light  which  tra- 
verses the  denser  medium  and  becomes  incident  upon  this  com- 
mon surface  at  an  angle  more  oblique  than  this,  ceases  to  be  re- 
fracted ;  refraction  becomes  impossible,  and  the  ray  is  wholly  re- 
flected within  the  denser  medium.  The  angle  of  incidence  at 
which  this  phenomenon  first  shows  itself  is  termed  the  angle 
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of  total  reflection.  In  fig.  74,  let  o  a  represent  a  plate  of  glass 
with  parallel  sides,  p  l  p  a  perpendicular  at  the  point  of  inci- 
dence.   The  incident  raj,  a  l,  instead  of  passing  to  a',  would  be 

refracted  from  the  perpendicular 
Flo«  ?*•  p  p  to  l  a  on  emerging  into  the  air, 

b  l  would  be  s till  more  refracted 
from  l  b\  and  the  refracted  por- 
tion l  b  would  be  nearly  parallel 
with  the  surface  of  the  glass  whilst 
o  l  would  be  incapable  of  refrac- 
tion at  all,  and  would  be  wholly 
reflected,  as  to  l  c.  This  phenom- 
enon is  easily  seen  by  placing  the 
back  to  the  light  ana  holding  a 

fjlass  of  water  a  little  above  the 
evel  of  the  eye ;  on  looking  ob- 
liquely up  through  the  water,  a  spoon,  or  other  object  placed  in 
the  glass,  will  appear  to  be  perfectly  reflected  upon  the  surface 
where  the  liquid  and  the  air  meet.  The  same  thing  is  seen  by 
holding  a  glass  prism  horizontally  before  a  window,  and  turning 
it  slowly  round  while  the  observer  faces  the  window ;  on  looking 
down  into  the  prism,  the  internal  surface  of  each  face  in  succes- 
sion, as  it  becomes  undermost,  reflects  the  light  with  the  brilliancy 
of  a  mirror. 

The  diamond  is  indebted  for  much  of  its  brilliancy  to  this  total 
reflection,  because  owing  to  the  high  refractive  power  of  this 
gem,  total  reflection  commences  at  small  angles  of  incidence. 

(108)  Measurement  of  RdFractvoe  Power. — The  determina- 
tion of  the  refracting  power  of  a  body  is  often  a  valuable  guide  in 
estimating  its  chemical  purity.  The  adulteration  of  essential 
oils  may  thus  be  often  detected  with  ease,  where  it  would  other- 
wise be  difficult  to  ascertain  it. 

Wollaston  contrived  a  simple  means  of  determining  the  refrac- 
tive power  of  a  body  in  air,  dependent  upon  the  measurement  of 
the  angle  at  which  total  reflection  commences.  If  this  angle  be 
measured  in  a  glass  prism,  we  are  furnished  with  the  means  of 
determining  the  refractive  power  of  the  prism  in  air.  Say  that 
the  angle  olp  (fig.  74),  at  which  total  reflection  of  the  incident 
ray  commences  in  the  prism,  is  found  to  be  39°  10' ;  the  refractive 
power  of  the  prism  in  air  is  calculated  by  dividing  the  sine  of 
the  angle  of  refraction  by  the  sine  of  this  angle  of  incidence ;  but 
the  angle  of  refraction  at  which  total  reflection  begins  is  always 
90°;  toe  refractive  power  therefore  is  £*~w  or  i:|ff=l-583. 
Now,  cause  a  drop  of  any  liquid  to  adhere  to  the  under  sur- 
face of  the  prism ;  provided  that  the  refractive  power  of  the 
liquid  be  less  than  that  of  the  glass,  the  angle  of  total  reflec- 
tion will  be  increased :  suppose  the  prism  be  moistened  with 
water,  the  angle  of  total  reflection  will  now  be  57i°.  The 
water  has  a  higher  refractive  power  than  air,  consequently,  the 
difference  in  refractive  power  between  glass  and  water  being  less 
than  that  between  glass  and  air,  the  angle  of  incidence  required 
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to  produce  total  reflection  is  greater.  The  refractive  power  of  the 
substance  under  trial  may  be  ascertained  bjr  dividing  the  sine  of 
its  angle  of  total  reflection,  under  these  circumstances,  by  the 
sine  of  the  same  angle  for  the  glass  prism.  In  the  case  of  water 
the  refractive  power  is  g~j~£  or  ft  f  f  }=1'886.  The  refracting 
power  of  solids  with  flat  surfaces  may  be  determined  in  the 
same  way,  by  cementing  them  to  the  surface  of  the  prism  with 
*  6ome  material  of  higher  refracting  power  than  the  glass,  such  as 
balsam  of  tolu. 

"Wollaston's  instrument,  fig.  75,  gives  at  once  the  refractive 
power  sought,  without  any  calculation. 

Fio.  15. 


On  a  board,  a  ft,  is  fixed  a  flat  piece  of  deal,  e  d,  to  which  by 
a  hinge  at  d,  is  jointed  a  second  piece,  d  e9 10  inches  long,  carry- 
ing two  plane  sights,  s  and  *,  at  its  extremities ;  at  e  is  a  second 
hinge  connecting  it  with  ef,  15*83  inches  long ;  at  the  other  ex- 
tremity of  ef,  is  a  third  hinge  by  which  fg  is  connected  with  it ; 
at  i  also  is  a  hinge  uniting  the  rod  i  g,  which  is  half  the  length 
oief,  to  the  middle  ofef;  and  then,  since  g  moves  in  a  semi- 
circle, a  line  joining  e  and  g  would  be  perpendicular  to  fg.  The 
piece  c  d  has  a  cavity  in  the  middle  of  it,  so  that,  when  any  sub- 
stance is  applied  to  the  under  surface  of  the  rectangular  glass 
prism,  p,  the  prism  may  continue  to  rest  horizontally  on  its  ex-. 
tremities.  mien  e  d  has  been  so  elevated  that  the  yellow  rays 
in  the  fringe  of  colours,  observable  where  perfect  reflection  ter- 
minates, are  seen  through  the  sights,  the  point  gy  bv  means  of  a 
vernier  which  it  carries,  shows  upon  the  rule  fa,  which  is  gradu- 
ated to  fractions  of  an  inch,  the  number  of  inches  and  fractions 
of  an  inch  which,  when  divided  by  10,  gives  the  refractive  power 
sought.  The  lengths  of  the  pieces,  ef and  d  e,  are  proportional 
to  the  refractive  powers  of  trie  prism  and  of  air.  If  the  dotted 
line  at  p  be  a  perpendicular  to  the  reflecting  surface,  I  p  will 
represent  the  incident  rav. — (Phil.  Trans.,  1802,  p.  367.) 

Wollaston  mentions  that  genuine  oil  of  cloves  had  a  ref  active 
power  of  1-535,  but  that  some  of  inferior  quality,  which  bad 
probably  been    adulterated,  had  a  refractive  power  of  only 
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The'following  table  contains  gome  of  the  results  obtained  by 
Wollaston  with  this  instrument : — 

Refractive  Power  of  Flint  Glass  Prism,  r=  1-588. 


OH  of  Sassafras 1*586 

Oil  of  Gloves 1*565 

Canada  Balsam 1*528 

Capm  Balsam 1*507 

Oilof  Amber 1-505 

«   Nutmeg 1*497 

"   Unseed 1*485 

«   Lemons 1-476 


Oil  of  Turpentine 1*476 

Rectified  ditto 1*470 

Oil  of  Almonds 1*470 

"      Olives 1*469 

"      Peppermint 1*468 

"      Lavender 1*467 

Melted  Spermaceti 1*446 

Sulphuric  Add 1*485 


(104)  Prismatic  Analysis.— Upon  examining  light  that  has 
undergone  refraction  by  a  prism,  it  is  found  that  mere  change  in 
direction  is  only  one  of  the  phenomena  observable.  Suppose  a 
beam  of  light,  as  represented  at  8  l,  fig.  76,  be  admitted  through 


Fig.  76. 


a  small  slit,  s,  into  a  darkened  room,  and  be  there  received  upon 
a  prism,  p  ;  if  the  light,  after  transmission  through  the  prism,  be 
allowed  to  fall  upon  a  white  screen,  v  r  x,  placed  at  a  distance 
of  eight  or  ten  feet, — instead  of  a  narrow  slit  of  white  light,  x. 
corresponding  to  the  aperture,  an  elongated  coloured  image  or 
the  refracted  beam  is  seen,  as  at  v  r,  terminated  by  parallel  ends, 
and  exhibiting  the  brilliant  hues  of  the  rainbow.  This  elonga- 
tion occurs  in  the  plane  of  the  reflected  and  refracted  rays.  Such 
a  coloured  image  is  termed  the  prismatic  spectrum. 

Newton,  who  first  carefully  investigated  this  remarkable  fact 
distinguished  seven  different  colours,  which  gradually  shade  off 
one  into  the  other,  viz.  violet,  indigo,  blue,  green,  yellow,  orange, 
and  red.  White  light  may  therefore  be  regarded  as  the  result 
of  a  mixture  of  rays  of  different  colours,  which  are  unequally 
acted  upon  by  the  prism.  Each  colour  has  its  own  peculiar  re- 
frangibilitv :  the  red  which  deviates  the  least  from  its  original 
course,  is  least  refrangible,  and  the  violet  the  most  so ;  whilst  the 
intermediate  colours  possess  intermediate  degrees  of  refrangi-, 
bility.  Having  once  been  separated  by  refraction,  no  second 
refraction  is  capable  of  further  decomposing  any  of  these  colours. 
They  may,  however,  be  recombined  by  using  a  second  prism,  in 
an  inverted  position  (as  shown  by  the  dotted  lines  at  Q,  fig.  76), 
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or  by  employing,  what  amounts  to  the  same  thing,  a  convex  lens,  in 
which  case  white  light  is  reproduced  at  the  focus  of  the  lens.  The 
composition  of  white  light  may  be  illustrated  by  dividing  a  cir- 
cular disk  of  paper  into  seven  sectors,  each  of  an  extent  corre- 
sponding with  the  extent  of  the  colour  in  the  spectrum,  and  paint* 
ing  each  with  its  appropriate  colour ;  on  causing  the  disk  to  ro- 
tate rapidly  upon  an  axis  passing  vertically  through  its  centre, 
the  seven  impressions  will  be  given  simultaneously  to  each  point 
of  the  retina,  and  the  paper  will  appear  to  be  of  a  greyish  white. 
The  impossibility  of  obtaining  pigments  of  the  exact  hue,  or  of 
the  brilliancy  of  the  coloured  lignt  of  the  spectrum,  renders  a 
pure  white  unattainable  by  this  means. 

(105)  Theory  qf  Colours. — Upon  this  decomposability  of 
white  light  Newton  founded  his  explanation  of  the  colours  of 
natural  objects : — The  objects  are  themselves  devoid  of  colour, 
but  when  placed  in  white  light  they  absorb  the  rays  of  one  or 
more  colours,  and  reflect  the  rest :  the  object,  therefore,  appears 
to  be  of  the  colour  that  would  be  produced  by  the  ray  or  mixture 
of  rays  which  it  reflects ;  green  objects,  for  example,  absorb  the 
red  rays  and  reflect  the  yellow  and  the  blue ;  purple  absorb  the 
yellow,  and  reflect  the  red  and  the  blue.  The  rays  thus  absorbed 
are  said  to  be  complemertiary  to  those  that  are  reflected ;  a  com- 
plementary colour  upon  the  eye  would  constitute  white  light. 
This  theory  of  colours  may  be  illustrated  by  placing  any  coloured 
object  in  light  of  one  tint,  or  homogeneous  tight,  as  it  is  called, 
such  as  that  of  an  isolated  portion  of  the  spectrum.  A  purple 
object,  for  instance,  when  placed  in  the  blue  rays  will  appear  to 
be  blue;  if  placed  in  the  red  rays  it  will  appear  to  be  red:  and 
a  white  screen,  which  has  the  power  of  reflecting  all  the  colours, 
will  take  any  tint  in  succession,  according  to  the  colour  of  the  in- 
cident ray.  An  object  of  a  pure  red,  on  the  contrary,  will  ap- 
pear to  be  black  in  any  but  the  red  ray,  because  it  absorbs  all 
the  other  colours  as  perfectly  as  charcoal  or  black  velvet  absorbs 
white  light  or  rays  of  all  colours. 

Hence  it  appears  that  white  light  may  be  decomposed  by  ab- 
sorption, as  well  as  bv  refraction  or  prismatic  analysis.  By  trans- 
mitting white  light  through  transparent  coloured  media,  we  may 
obtain  rays  of  any  given  tint :  the  light  thus  obtained  is  not  al- 
ways the  same  as  that  produced  by  prismatic  analysis ;  by  trans- 
mission through  a  coloured  medium,  a  green,  for  instance,  may 
be  obtained,  which  may  either  be  identical  with  the  green  sepa- 
rated by  the  prism,  and  then  it  cannot  further  be  separated  into 
its  components ;  or  it  may  be  a  compound  colour  resulting  from 
the  intermixture  of  rays  of  different  degrees  of  refrangibility,  and 
in  this  case  it  is  susceptible  of  further  decomposition.  The 
coloured  light  that  is  obtained  by  absorption  is  seldom  so  pure  as 
•  that  furnished  by  prismatic  decomposition. 

Gladstone  ($.  J.  CJiem.  Soe.,  x.  79)  has  made  some  interesting 
observations  upon  the  relation  existing  between  the  chemical 
composition  of  a  body  and  the  absorbent  effect  which  it  exerts 
upon  transmitted  light.    His  experiments  were  performed  upon 
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substances  in  solution  which  were  placed  in  a  wedge-shaped  ves- 
sel or  hollow  prism  with  the  view  of  ascertaining  the  influence 
of  different  thicknesses  of  liquid  upon  the  incident  Tight.  A  beam 
of  diffused  light  was  admitted  through  a  vertical  slit  into  a 
darkened  chamber,  and  the  line  of  light  thus  obtained  was  al- 
lowed to  fall  upon  the  vessel  held  with  the  thin  edge  of  the 
wedge  downwards,  so  that  the  light  passed  through  different 
thicknesses  of  the  solution,  from  the  thinnest  film  to  a  stratum  of 
an  inch  in  depth.  The  transmitted  light  was  then  examined  by, 
means  of  a  good  prism.  The  light  which  passes  through  the' 
thinner  strata  yields  a  spectrum  generally  differing  but  little  from 
that  of  daylight ;  but  that  which  has  traversed  greater  depths  of 
liquid  exhibits  a  rapid  disappearance  of  certain  portions  of  the 
rays,  whilst  other  rays  are  but  little  affected.    Fig.  77, 1  shows 


Fio.  11,  l. 
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Fig.  78. 


GdJr  bMB 


tk&F  bEBB 


the  spectrum  obtained  bv  transmitting  a  beam  of  daylight 
through  a  dilute  solution  of  a  salt  of  cobalt,  which  appears  to  be 
of  a  delicate  rose  colour  to  the  unaided  eye.  The  same  salt  in 
more  concentrated  solutions  appears  to  be  of  a  rich  blue,  and  ex- 
hibits a  spectrum  shown  at  77,  2,  which  represents  the  appear- 
ance of  the  spectrum  furnished  by  a  strong  solution  or  the 
chloride  of  cobalt  in  alcohol.  The  letters  correspond  to  those  of 
Fraunhofer's  lines  (106),  the  right  hand  side  of  the  figures  indi- 
cating the  red  end  of  the  spectrum ;  the  lower  part  of  the  figure 
shows  the  effect  of  the  thinnest  stratum  of  liquid. 

It  was  ascertained  from  an  extensive  series  of  observations 
made  in  this  manner,  that  when  the  salts  formed  by  the  union  of 
a  coloured  base  with  different  colourless  acids  were  examined,  the 
compounds  of  the  same  base  nearly  always  exhibited  a  similar  ab- 
sorbent action  upon  the  spectrum.  Even  in  dichromic  media,  or 
solutions  which,  under  certain  circumstances,  appear  to  the  un- 
aided eye  to  transmit  light  of  one  tint,  and,  under  certain  other 
circumstances,  to  transmit  light  of  a  different  tint,  this  law  gen- 
erally holds  good.  An  exemplification  of  this  fact  is  seen  in  the 
case  of  the  chromic  salts,  some  of  which  exhibit  a  green  colour 
when  in  solution,  others  a  red  or  purple  hue.  flow  all  these 
salts  furnish  a  spectrum,  the  general  form  of  which  is  shown  in 
fig.  78,  in  which  the  indigo  and  the  green  rays  are  soon  cut  off, 
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whilst  the  red  and  bluish  green  rays  are  comparatively  little 
affected.    By  some  salts,  such  as  the  acetate  of  chromium,  the 

Sreen  rays  are  absorbed  much  more  rapidly  than  the  red,  and 
ence  these  solutions  have,  even  in  thin  layers,  a  red  colour : 
others,  as  the  chloride  of  chromium,  are  green  when  their  solu- 
tions are  seen  in  thin  layers,  but  look  red  or  purple  when  viewed 
in  considerable  mass  by  transmitted  light 

Some  salts,  even  though  their  solutions  have  but  little  colour, 
furnish  very  characteristic  spectra.  This  is  particularly  the  case 
with  solutions  of  didymium,  which  are  of  a  feeble  rose  colour,  but 
they  exhibit  two  very  black  lines,  one  in  the  yellow,  the  other 
in  the  green.  These  lines  are  visible  in  the  spectrum  even  when 
the  solution  is  very  dilute,  and  they  may  be  employed  to  indicate 
the  presence  of  small  quantities  of  didymium  in  solutions  of  lan- 
thanum and  cerium,  in  which  no  such  lines  occur. 

In  artificial  flames  it  is  very  generally  the  case  that  certain 
colours  are  present  in  smaller  proportion  than  others,  and  are 
even  sometimes  altogether  wanting.  Nitrate  of  strontium,  for 
instance,  gives  a  red  tint  to  burning  bodies ;  and  the  prism  showB 
that  in  Buch  light  the  blue  and  violet,  or  more  refrangible  rays, 
are  singularly  deficient.  Common  salt  produces  in  burning 
bodies  a  nearly  pure  and  homogeneous  yellow  light,  which  may 
be  used  to  illustrate  the  observations  just  made  upon  the  cause 
of  colour  in  natural  objects.  The  brilliant  colours  of  insects  or 
o£  the  plumage  of  birds  strike  strangely  on  the  eye  when  seen  in 
this  yellow  light. 

(105  a)  Vxspersvoe  Power. — The  prismatic  analysis  of  white 
light,  which  has  just  been  considered,  is  not  due  entirely  to  the 
refractive  power  of  the  bodjr  bv  which  it  is  effected.  Another 
element  of  great  importance  is  the  dispersive  power,  which  is  in- 
dependent of  its  refraction.  Two  substances  may  possess  an 
equal  amount  of  refracting  power,  in  consequence  of  which  the 
mean  deviation  of  the  rays  transmitted  will  be  the  same,  and  yet 
the  spectra  which  they  furnish  may  be  of  very  unequal  lengths. 
If  a  nollow  prism  be  made  of  plates  of  glass,  and  filled  with  oil 
of  cassia,  the  spectrum  which  it  produces  will  be  more  than 
double  the  length  of  that  furnished  by  a  similar  prism  of  flint 
glass.  The  dispersive  ijower  of  oil  of  cassia  is  much  greater  than 
that  of  flint  glass,  especially  for  the  more  refrangible  rays  from  t 
to  h,  and  hence  there  is  a  great  difference  in  the  length  of  the 
two  spectra,  though  the  mean  refractive  powers  of  the  two  media 
do  not  differ  materially.  The  comparative  lengths  of  these  spec- 
tra, as  obtained  from  prisms  of  equal  angles,  are  given  in  fig.  79. 
No.  1  is  the  spectrum  of  oil  of  cassia ;  2  that  of  flint  glass. 


Fig.  79. 
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In  the  construction  of  achromatic  lenses,  two  media  which  differ 
in  dispersive  power  are  employed  ;  by  this  means  the  fringe  of 
colours,  which  is  always  perceptible  around  the  margin  of  an 
object  viewed  by  an  ordinary  lens  of  high  magnifying  power,  is 
removed. 

Gladstone  and  Dale  have  recently  published  (Phil.  Trams., 
1858,  p.  330)  the  results  of  an  inauiry  into  the  influence  of  tem- 
perature upon  the  refractive  and  dispersive  power  of  bodies  upon 
light.  They  find  that  the  refractive  index  diminishes  in  every 
substance  as  the  temperature  increases.  The  degree  of  this  sensi- 
tiveness to  the  effect  of  heat  varies  much  in  different  substances ; 
melted  phosphorus  and. bisulphide  of  carbon  being  the  most  sen- 
sitive, and  water  the  least  sensitive  of  the  bodies  experimented  on 
by  them.  This  sensitiveness,  however,  is  independent  of  the  re- 
fractive or  the  dispersive  power  of  the  substance ;  ether,  for  ex- 
ample, being  mucn  more  sensitive  than  water  to  the  action  of 
heat,  though  the  refractive  and  the  dispersive  powers  of  the  two 
'  liquids  are  nearly  the  same.  Those  bodies  which  expand  most 
by  heat  are  generally  the  most  sensitive.  No  sudden  change  of 
sensitiveness  has,  however,  been  observed  on  the  approach  or  the 
liquid  to  the  boiling  'point.  The  length  of  the  spectrum  also 
decreases  as  the  temperature  rises,  the  effect  of  heat  being 
most  marked  in  those  substances  which  have  the  highest  disper- 
sive power.  The  dispersive  power  is  invariably  diminished  by 
rise  of  temperature,  though  not  at  the  same  rate  as  the  refractive 
index,  which  is  found  to  diminish  in  proportion  as  the  density 
diminishes  (Proceed.  Boy.  Soc.,  xii.  450). 

(106)  Fixed  Lines  vn  the  Solar  Spectrum;  Fratmhqfer's 
Lines;  Bright  Lines  in  Artificial  Lights. — Newton,  by  admit- 
ting a  beam  of  solar  light  through  a  small  circular  aperture  into 
a  darkened  room,  and  allowing  it  to  fall  upon  a  triangular  prism 
of  glass,  obtained  the  magnificent  coloured  image  known  as  the 
solar  spectrum,  which  shades  off  by  insensible  gradations  from 
the  least  refracted  red  into  the  most  refracted  or  violet  portion 
of  the  light.  But  it  does  not  appear  that  any  one,  till  Wollas- 
ton's  time,  a  century  later,  examined  the  effect  of  admitting  the 
light  through  a  narrow  slit,  with  sides  parallel  to  those  of  the 
prism,  and  viewing  it  directly  by  placing  the  eye  immediately 
behind  the  prism  (Phil.  Trans.,  1802,  p.  378).  W ollaston  found 
that  the  spectrum  so  obtained  was  not,  as  it  appeared  to  be  by 
the  ordinary  mode  of  examination,  a  continuous  stripe  of  light, 
but  that  it  was  crossed  at  right  angles  to  its  length  by  dark  bands. 

It  was  not,  however,  till  1815,  that  these  dart  bands  were 
carefully  examined,  when  the  celebrated  German  optician, 
Fraunhofer,  published  a  minute  description  of  them,  accom- 
panied by  a  careful  ma]),  in  which  he  figured  more  than  six  hun- 
dred of  these  lines,  which  have  ever  since  borne  the  name  of 
Frawnhofef*  lines.  The  more  important  of  these  lines  he  dis- 
tinguished by  the  letters  of  the  alphabet,  and  in  the  uppermost 
spectrum  shown  ^  in  figs.  80  and  82,  a  few  of  them  are  given  as 
points  of  comparison  with  other  spectra. 
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In  order  to  observe  these  lines,  the  sun's  light,  after  admis- 
sion through  a  narrow  vertical  slit  into  a  darkened  room,  was  al- 
lowed to  rail  upon  a  prism  placed  with  its  axis  parallel  to  the 
slit,  and  at  a  distance  of  about  twenty-four  feet  from  it.  The 
prism  was  fixed  before  the  object-glass  of  a  telescope,  of  low 
power,  in  such  a  manner  that  the  angle  formed  by  the  incident 
tight  with  the  first  face  of  the  prism,  was  equal  to  that  formed 
by  the  refracted  beam  with  the  second  face,  so  that  the  position 
of  the  prism  was  that  in  which  the  light  is  subjected  to  the  mini- 
mum amount  of  deviation.  This  is  consequently  generally 
spoken  of  as  the  position  of  minimum  deviation.  Under  these 
circumstances  he  observed  numberless  vertical  lines,  varying  in 
breadth  and  in  strength  in  different  parts  of  the  spectrum.  These 
bands  were  always  visible,  whatever  was  the  solid  or  liquid  me- 
dium used  in  the  construction  of  the  prism,  and  whether  its  re- 
fracting angle  were  great  or  small ;  and  under  all  circumstances 
they  preserved  the  same  relative  position  in  the  respective 
coloured  spaces  in  which  they  occur.  This  fixed  position  has 
enabled  the  optical  observer  to  use  these  lines  as  points  of  a  ref- 
erence by  which  the  refractive  indices  of  a  great  variety  of 
bodies  have  been  determined  with  precision. 

When,  however,  the  source  of  the  light  was  varied,  as  if  the 
flame  of  a  candle,  the  light  of  the  fixed  stars,*  or  the  spark  from 
the  electrical  machine  was  made  use  of,  a  different  set  of  lines 
was  in  each  case  observed  to  occur. 

Beyond  this  fact,  viz.,  the  dependence  of  the  position  of  the 
lines  upon  the  source  of  the  light  employed — Fraunhofer  was 
unable  to  ascertain  anything  connected  with  their  cause. 

The  inquiry  thus  launched  by  Fraunhofer  has  been  followed 
in  four  principal  branches  of  research,  which  may  be  described  ,as 
relating  to—  / 

a.  Chemical  lines,  or  the  black  lines  produced  in  the  light  of 
the  sun,  the  planetary  bodies,  and  the  fixed  stars. 

b.  Black  Unes,  produced  %y  absorption,  a  class  of  phenomena 
discovered  by  Sir  I).  Brewster,  in  his  observations  upon  the  red 
vapours  of  nitrous  acid. 

c.  Bright  lines  produced  by  the  electric  spark  when  taken 
between  different  conductors* 

d.  Bright  lines  produced  by  coloured  flames  or  by  the  intro- 
duction of  different  substances  into  flame. 

I  shall  enter  into  some  detail  upon  this  subject,  which  has  ac- 
quired great  interest  and  importance  from  the  recent  remarkable 
mvestigations  of  Kirchhoff  and  Bunsen. 

a.  The  cosmical  lines  admit  of  partial  reproduction  by  means 

*  The  Moon  and  the  planets,  including  Venus,  Jupiter,  Saturn,  and  Mars,  exhibit 
lines  corresponding  with  those  of  the  Sun.  Sirius  shows  different  lines,  and  Castor 
others  somewhat  similar.  Amongst  the  lines  of  Procyon,  Fraunhofer  recognised  the 
solar  line  d,  and  in  those  of  Capella  and  Betelgeux,  both  n  and  ((Brewster's  Ed*n.Jowrn. 
Science,  1828,  toL  viiL  p.  7.)  Subsequent  observations  have  shown  that  Arcturua,  Al- 
debaran,  fi  Pegasi,  and  ft  Virginia,  are  especially  remarkable  for  the  strength  and  i 
ber  of  the  lines  by  which  their  spectra  are  traversed. 
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of  photographs  of  the  spectra  ia  which  they  occur.  Most  of  these 
lines  shown  by  the  photograph  are,  however,  invisible  to  the  eye, 
as  they  occur  in  that  part  or  the  spectrum  which,  is  mare  refran- 
gible than  even  the  violet  rays.  Edmond  Becquerel*  was  the 
first  who  received  the  impression  of  the  spectrum  with  suitable 
precautions  upon  a  Daguerreotype  plate ;  and  he  made  the  im- 
portant and  interesting  discovery  that  the  inactive  spaces  in  the 
portion  of  the  chemical  spectrum  produced  bv  visible  rays,  cor- 
respond accurately  with  the  dark  lines  of  Iraunhofer, — a  dis- 
covery immediately  afterwards  corroborated  by  the  independent 
observations  of  Draper,  of  New  York,  and  subsequently  confirmed 
in  a  remarkable  mariher  for  the  invisible  rays,  by  Stokes,  who 
(PhU.  Trams.,  1852)  succeeded  in  rendering  the  lines  in  the  most 
refrangible  and  extra-violet  portions  apparent  to  the  eye,  by  his 
discovery  that  the  fluorescent  power  of  the  spectrum  was  inter- 
rupted by  inactive  spaces,  the  position  of  which  corresponded  ac- 
curately with  the  lines  observed,  by  Becquerel. 

b.  The  absorption  bands  produced  by  coloured  gases  were  first 
indicated  in  1832  bv  Brewster  (PhU.  Mag.,  May,  1836,  viii.  384), 
who  found  that  the  brownish-red  vapours  of  nitrous  acid  have 
the  remarkable  power  of  absorbing  the  sun's  rays  in  such  a  man- 
ner as  to  produce  a  series  of  dark  bands  in  the  light  when  trans- 
mitted through  it.  Professors  W.  H.  Miller  and  Daniell  subse- 
quently showed  that  the  same  effect  is  produced,  whatever  be  the 
source  of  light  employed.  In  the  course  of  this  investigation,  an 
important  observation  was  made  by  Brewster,  who  noticed  dis- 
tinct lines  and  bands  in  the  red  and  green  spaces,  which  at  other 
times  wholly  disappeared.  This  he  found  to  be  due  to  an  absorp- 
tive action  of  the  earth's  atmosphere ;  for  these  bands  were  only 
visible  when  the  sun  approached  the  horizon.  A  few  years  later 
I  had  an  opportunity  myself  whilst  examining  the  spectrum  of 
diffused  daylight  in  the  auemoon  during  a  violent  thunder- 
shower,  to  observe  the  sudden  appearance  of  a  group  of  lines  in 
the  brightest  part  of  the  spectrum,  between  d  and  b,  increasing  in 
distinctness  with  the  violence  of  the  shower,  and  fading  and  dis- 
appearing as  the  rain  passed  away.  These  observations,  there- 
fore, prove  that  certain  of  the  fixed  lines  in  the  solar  spectrum 
are  dependent  in  part  at  least  upon  the  absorptive  action  exerted 
by  the  earth's  atmosphere.     But  the  larger  portion,  it  is  sup- 

Ktsed,  are  due  to  another  cause,  first  suggested  by  Kirchhoff. 
iller,  of  Cambridge,  in  conjunction  with  Daniell,  followed  up 
these  experiments,  and  showed  that  other  coloured  vapours — viz., 
those  of  bromine,  iodine,  and  euchlorine — possess  this  property 
(PhU.  Mag.,  1833,  ii.  381). 

Twelve  years  afterwards  I  myself  made  a  numerous  series  of 
experiments  upon  the  same  subject  (Phil.  Mag.  xxvii.  81V  The 
result  of  these  experiments  showed  that  mere  existence  oi  colour 
in  a  vapour  does  not  indicate  of  necessity  the  existence  of  bands 

UmveneUe  de  Gen&ve,  August,  1842,  No.  SO;  or  Taylor's  Scientific 
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in  its  spectrum.  The  red  vapours  of  chloride  of  tungsten  give  no 
lines,  while  bromine,  which  has  to  the  eye  the  same  colour,  gives 
a  remarkable  series. 

The  probable  position  of  the  lines  cannot  be  inferred  from  the 
colour  of  the  gas :  with  the  green  perchloride  of  manganese  the 
lines  are  most  abundant  in  the  green,  whilst  with  the  red  vapours 
of  nitrous  acid  they  increase  in  number  and  density  as  they  ad- 
vance towards  the  blue  end  of  the  spectrum.  Simple  bodies,  as 
well  as  compounds,  may  produce  lines ;  and  two  simple  bodies, 
which  singly  do  not  produce  them,  may  in  their  compounds  occa- 
sion them  abundantly ;  e.g.  neither  oxygen,  nitrogen,  nor  chlorine, 
when  uncombined,  occasion  lines,  but  some  of  the  oxides,  both 
of  nitrogen  and  of  chlorine,  exhibit  the  phenomena  in  the  most 
striking  manner.  There  are,  however,  oxides  both  of  nitrogen 
and  chlorine,  some  of  them  coloured,  which  do  not  occasion  the 
appearance  of  lines.  We  find  also  that  lines  may  exist  in  the 
vapour  of  simple  substances,  as  in  iodine,  which  disappear  in 
their  compounds.  This  is  exemplified  in  the  case  of  hydriodic 
acid.  Sometimes  the  same  lines  are  produced  by  different  de- 
grees of  oxidation  of  the  same  substances,  a  remarkable  instance 
of  which  is  furnished  in  the  oxides  of  chlorine.    In  fig.  80,  No.  1 

Fig.  80. 


shows  the  principal  dark  lines  of  the  pure  solar  spectrum ;  9  rep- 
resents the  effect  of  bromine ;  3,  that  of  peroxide  of  nitrogen,  the 
Sstem  of  lines  which  it  furnishes  being  totally  different  from 
at  of  bromine,  notwithstanding  the  close  resemblance  in  colour 
of  the  two  vapours ;  4  shows  the  lines  in  the  green  vapours  of 
oxychloride  or  manganese. 

o.  On  the  Spectra  of  the  Electric  Spwrk.— Wollaston  (Phil. 
Trans.,  1802)  observed  that  the  spectrum  of  the  electric  spark  is 
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not  continuous,  and  that  it  differs  from  that  of  ordinary  sunlight, 
as  well  as  from  that  furnished  by  the  light  of  a  candle.  Fraun- 
hofer  also  made  a  similar  observation ;  but  the  first  person  who 
called  attention  to  the  important  fact  that  the  nature  of  the 
metals  employed  modifies  the  resulting  spectrum,  was  Wheat- 
stone,  who,  at  the  Dublin  meeting  of  the  British  Association  for 
1835,  read  a  paper  "  On  the  Prismatic  Decomposition  of  the 
Electric,  Voltaic,  and  Electro-Magnetic  Sparks."  In  the  abstract 
published  in  the  Keport  of  the  Proceedings  of  the  Association  for 
that  year,  the  author  states  that  the  spectrum  of  the  electro-mag- 
netic spark  taken  from  mercury,  as  well  as  from  zinc,  cadmium, 
tin,  bismuth,  and  lead  in  the  melted  state,  consists  of  definite 
rays  separated  by  dark  intervals  from  each  other ;  but  the  number, 
position,  and  coloure  of  the  lines  vary  in  each  case.  The  appear- 
ances are  so  different  that  by  this  mode  of  examination  the  metals 
may  be  readily  distinguished  from  each  other.  When' the  voltaic 
sptfrk  from  mercury  was  taken  successively  in  the  ordinary  va- 
cuum of  the  air-pump,  in  the  Torricellian  vacuum,  and  in  car- 
bonic acid  gas,  the  same  results  were  obtained  as  when  the  ex- 
periment was  performed  in  air,  or  in  oxygen  gas.  The  light 
therefore  does  not  arise  from  the  combustion  of  the  metal. 

Masson,  in  1851  and  1855,  in  the  course  of  his  investigations 
on*  electric  photometry  (Ann.  de  Chimie,  III.  xxxi.  295,  and  xlv. 
387),  examined  the  spectra  produced  by  various  metals  which 
were  employed  as  dischargers  to  the  Levden  jar,  and  also  when 
heated  by  the  voltaic  arc,  and  gave  drawings  of  the  different 
spectra,  made  by  means  of  the  camera  lucida.  The  spectra 
which  he  has  given  of  the  same  metals  as  those  examined  by 
Wheatstone,  are  much  more  complicated  than  those  described 
by  the  English  philosopher.     These  discrepancies  were  subse- 

auently  explained  by  Angstrom  (Phil.  Mag.,  1855,  p.  329),  who 
bowed  that  owing  to  the  intense  heat  of  the  electric  discharges 
employed  by  Masson,  he  obtained  two  spectra  simultaneously, 
one  due  to  the  metal,  the  other  to  the  atmosphere  itself,  which 
became  ignited.  Certain  lines  remarked  by  Masson  as  common 
to  the  spectra  of  all  the  metals  were  really  these  atmospheric 
lines.  By  causing  the  spark  to  pass  between  the  same  metals 
when  immersed  in  various  gases,  the  particular  lines  due  to  the 
metal  remained  unaltered,  whilst  the  others,  due  to  the  gaseous 
medium,  disappeared,  and  were  replaced  by  new  lines.  Aug* 
strom,  in  the  course  of  his  paper,  suggests,  though  he  does  not 
distinctly  state,  the  explanation  of  Frauahofer's  dark  lines,  subse- 
quently brought  forward  by  Kirchhoff. 

Li  1858  and  1859,  an  important  series  of  investigations  was 
published  by  Pliicker  (PoggmdorfjFs  Annal.,  ciii.  88, 151,  civ. 
113,  622,  cv.  87,  cvii.  77,  498),  relating  to  the  character  of  the 
electric  light  produced  by  transmitting  the  secondary  discharge 
from  RuhmkorfFs  coil  through  narrow  tubes  filled  with  different 
gases,  and  subsequently  exhausted  as  completely  as  possible, 
vacuous  tubes  were  thus  obtained  with  only  imponderable  traces 
of  various  gases  and  vapours,  including  oxygen,  hydrogen,  nitro- 
10 
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gen,  chlorine,  bromine,  and  iodine.  Pliicker  found  that  each  ex- 
hausted tube  gave  its  own  characteristic  spectrum,  and  he  meas- 
ured with  great  care  the  principal  lines  visible  in  each.  These 
results  are  very  important  in  relation  to  Kirchhoft's  theory  of  tho 
cause  of  the  dark  lines,  which  requires  that  the  position  of  the 
bright  lines  thus  obtained,  should  coincide  with  tne  black  lines 

Sroduced  by  absorption  when  light  is  transmitted  through  these 
ifferent  gases.  Pliicker's  experiments  show  distinctly  that 
this  is  not  the  case  in  these  gases.  Dr.  Robinson  has  also  recent- 
ly investigated  the  effect  of  varying  the  pressure  upon  the  nature 
of  the  electric  spectrum  of  an  incandescent  gas  {Phil.  Trans., 
1862) :  he  finds  that  the  light  is  the  most  intense  under  ordinary 
pressures,  though  at  low  pressures,  lines  appear  which  are  not 
visible  at  the  ordinary  tension  of  the  gases. 

Van  der  Willigen  (Poggendorfs  Anrial.,  cvi.  617)  made  the 
interesting  remark  that,  by  placing  in  succession  upon  a  pair  of 
wires  consisting  of  a  metal  which,  like  platinum,  possesses  few 
special  bands  of  its  own,  small  quantities  of  weak  solutions  of 
chloride  of  calcium,  chloride  of  barium,  chloride  of  strontium, 
nitrate  of  calcium,  &c,  new  metallic  bands  are  produced,  ana 
these  bands  are  characteristic  of  the  particular  metal  contained 
in  each  of  these  several  compounds. 

d.  Spectra  of  Coloured  Flames. — The  first  person  who  seems 
to  have  analysed  coloured  flames  by  means  of  tneprism,  was  Sir 
J.  Herschel,  who  describes  briefly  [Edm.  Phil.  Trans.,  1822,  p. 
455),  the  spectra  of  muriate  of  strontia,  muriate  of  lime,  chloride 
and  nitrate  of  copper,  and  boracic  acid.  The  same  observer,  in 
the  article,  Light,  Encyd.  Metrop.,  1827,  p.  438,  says  : — "  Salts 
of  soda  give  a  copious  and  purely  homogeneous  yellow,  of  potash 
a  beautiiul  pale  violet ; "  and  he  then  gives  a  general  statement 
of  the  results  with  the  salts  of  calcium,  strontium,  lithium,  ba- 
rium, copper,  and  iron.  He  further  continues, — u  Of  all  salts  the 
muriates  succeed  best,  from  their  volatility.  The  same  colours 
are  exhibited  also  when  any  of  the  salts  in  question  are  put  in 
powder  into  the  wick  of  a  spirit-lamp.  The  colours  thus  com- 
municated by  the  different  bases  to  flame,  afford  in  many  cases  a 
ready  and  neat  way  of  detecting  extremely  minute  quantities  of 
them." 

The  analysis  of  the  spectra  of  artificial  lights  was  resumed  by 
Fox  Talbot  m  1826,  in  vol.  v.  of  Brewster's  Journal  of  Science. 
He  there  describes  a  method  of  obtaining  a  yellow  monochroma- 
tic light  by  the  use  of  an- ordinary  spirit-lamp  with  a  cotton  wick 
fed  with  dilute  alcohol  holding  common  salt  in  solution.  He 
found  the  same  effect  whether  muriate,  sulphate,  or  carbonate  of 
sodium  was  employed. 

Nitrate,  sulphate,  chlorate,  and  carbonate  of  potassium  agreed 
in  giving  a  bluish-white  tinge  to  the  flame.  By  burning  a  mix- 
ture of  nitre  and  sulphur,  he  observed  a  red  ray  of  low  but  defi- 
nite refrangibility,  which  he  regarded  as  characteristic  of  the  salts 
of  potassium,  as  the  yellow  ray  is  of  the  salts  of  sodium.  He 
concludes  his  paper  with  the  following  observation ;  which  fol- 


Digitized  by  VjOOQIC 


SPECTRUM  ANALYSIS.  147 

lows  some  remarks  upon  some  experiments  of  Herschel's : — "  If 
this  opinion  should  be  correct  and  applicable  to  the  other  definite 
rays,  a  glance  at  the  prismatic  spectrum  of  a  flame  may  show  it 
to  contain  substances  which  it  would  otherwise  require  a  labo- 
rious chemical  analysis  to  effect." 

In  the  PkU.  Mag.  for  1834,  vol.  iv.  p.  114,  Mr.  Talbot  fur- 
ther  showed  how,  notwithstanding  the  similarity  in  colour  of  the 
light  of  lithium  and  strontium,  they  can  at  once  be  distinguished 
by  means  of  the  prism.  He  says, — "  The  strontia  flame  exhibits 
a  great  number  of  red  rays,  well  separated  from  each  other  by 
dark  intervals,  not  to  mention  an  orange  and  a  very  definite 
bright  blue  ray.  The  lithia  exhibits  one  single  red  ray.  Hence 
I  hesitate  not  to  say  that  optical  analysis  can  distinguish  the 
minutest  portions  of  these  two  substances  from  each  otner  with 
as  much  certainty,  if  not  more,  than  any  other  known  method." 

The  spectra  of  coloured  flames  were  further  examined  in  1845 
by  myself,  and  an  account  of  these  experiments  was  given  in  a 
paper  read  that  year  before  the  Chemical  Section  of  the  British 
Association,  at  Cambridge.     (Phil.  Mag.,  xxvii.  81.) 

In  these  experiments  an  alcohol  lamp,  fed  with  a  solution  of 
the  compound  the  flame  of  which  was  to  be  examined,  and  a 
common  wick  supported  in  a  small  glass  tube,  furnished  the 
flame.  The  lamp  was  placed  opposite  the  vertical  slit  through 
which  diffused  daylight  could  also  be  transmitted  at  pleasure. 
Fraunhofer's  lines  thus  served  as  points  of  comparison  of  the 
different  flames.  The  paper  was  illustrated  by  coloured  litho- 
graphs of  various  spectra,  including  those  of  chloride  of  copper, 
boracic  acid-  nitrate  of  strontium,  chloride  of  calcium,  and  chloride 
of  barium,  m  minute  detail.  Tne  green  light  produced  by  burn- 
ing a  solution  of  chloride  of  copper  in  alcohol,  for  instance,  gives 
the  spectrum  shown  in  fig.  80,  No.  5,  and  that  furnished  by  an 
alcoholic  solution  of  boracic  acid  is  represented  in  No.  6.  Nu- 
merous other  spectra  were  also  described,  including  those  of  the 
chloride  of  sodium,  manganese,  and  mercury,  and  of  a  large  num- 
ber of  other  metals. 

(107)  Spectrum  Analysis. — But  it  is  to  Kirchhoff  and  Bun- 
sen  {Poggendorff^s  Annate  ex.  p.  161)  that  we  are  indebted  for 
reducing  the  prismatic  observation  of  flame  tinged  by  the  salts 
of  different  metals  to  a  simple  and  systematic  method  of  qualitative 
analysif  for  the  alkalies  and  alkaline  earths ;  and  they  nave  con- 
trived a  spectroscope  by  which  the  different  spectra  may  be  conve- 
niently examined  and  compared  with  one" another.  Fig.  81  exhib- 
its the  instrument  in  its  most  complete  form  (Poggendorfs  An- 
nal.,  cxiii.  374).  It  is  an  improvement  on  the  instrument  used  by 
Swan  and  by  Masson ;  including  a  scale  for  ascertaining  the  posi- 
tion of  the  lines  in  different  cases,  as  well  as  a  reflecting  prism,- 
by  which  two  spectra  can  be  compared  side  by  side,  p  repre- 
sents a  flint-glass  prism,  supported  on  the  cast  iron  tripod,  f,  and 
retained  in  its  place  by  the  spring,  c.  At  the  end  of  tne  tube,  a, 
nearest  the  prism,  is  a  lens,  placed  at  the  distance  of  its  focus  for 
parallel  rays  from  a  vertical  slit  at  the  other  end  of  the  tube. 
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The  width  of  the  slit  can  be  regulated  by  means  of  the  screw,  «.' 
One-half  of  this  slit  is  covered  by  a  small  rectangular  prism  de- 


lta si. 


j 


signed  to  reflect  the  rays  proceeding  from  the  source  of  light,  i>, 
down  the  axis  of  the  tube,  whilst  the  rays  from  the  source  of  light, 
b,  pass  directly  down  the  tube.  By  this  arrangement  the  observer 
stationed  at  the  end  of  the  telescope  b,  is  able  to  compare  the 
spectra  of  both  lights,  which  are  seen  one  above  the  otner,  and 
he  can  at  once  decide  whether  their  lines  coincide  or  differ,  a 
and  b  are  screws  for  adjusting^  the  axis  of  the  telescope  so  as  to 
bring  any  part  of  the  slit  at  e  into  the  centre  of  the  field  of  vision. 
The  telescope,  as  well  as  the  tube,  o,  is  moveable  in  a  horizontal 
plane,  around  the  axis  of  the  tripod.  The  tube  o  contains  a  lens 
at  the  end  next  to  the  prism,  and  at  the  other  end  is  a  scale 
formed  by  transparent  lines  on  an  opaqne  ground.  When  the 
telescope  nas  been  properly  adjusted  to  the  examination  of  the 
spectrum,  the  tube  o  is  moved  until  it  is  placed  at  such  an  angle 
with  the  telescope  and  the  face  of  the  prism,  that  when  a  light  is 
transmitted  through  the  scale,  the  image  of  this  scale  is  reflected 
into  the  telescope  from  the  face  of  the  prism  nearest  the  otoerver. 
This  image  is  rendered  perfectly  distinct  by  pushing  in  the  tube 
which  holds  the  scale  nearer  to  trie  lens  in  o,  or  withorawing  it  to 
a  greater  distance,  as  may  be  required.  The  reflected  lines  of  the 
scale  can  then  be  employed  for  reading  off  the  position  of  the 
bright  or  dark  lines  of  the  spectrum,  as  both  will  appear  simul- 
taneously, overlapping  each  other,  in  the  field  of  the  telescope. 
By  turning  the  tube  o  round  upon  the  axis  of  the  tripod,  any 
particular  line  of  the  scale  can  be  brought  to  coincidence  witn 
any  desired  line  of  the  spectrum.  Stray  light  is  excluded  by 
covering  the  stand,  the  prism,  and  the  ends  of  the  tubes  adjoining 
it,  with  a  loose  black  cloth.    The  dispersive  power  upon  the  spec- 
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tnxm  may  be  much  increased  by  using  several  prisms  instead  of 
one :  in  the  experiments  of  Kirchhoff  upon  the  solar  spectrum,  he 
used  four  prisms ;  and  Gassiot  has  used  an  apparatus  with  nine 
prismB.  Much  care  is  required  in  placing  the  prisms :  the  refract- 
ing edge  of  each  prism  must  be  truly  vertical,  and  the  position  of 
minimum  deviation  for  the  rays  to  be  observed  must  be  obtained. 

The  extraordinary  delicacy  of  certain  of  these  spectrum  reac- 
tions was  indicated  by  Swan  {Edm.  PhU.  Trans.,  1857,  xxi.  411), 
who  measured  it  for  sodium  by  the  only  accurate  method,  namely, 
by  dissolving  a  weighed  quantity  of  the  salt  in  a  known  quantity 
of  water ;  and  he  thus  determined  with  precision  the  limit  of  the 
reaction.  Bunsen  and  Kirchhoff  attempted  to  estimate  the  sen- 
sitiveness of  the  reaction  by  deflagrating  a  given  weight  of  the  va- 
rious salts  in  the  room  in  which  they  were  experimenting,  and 
diffusing  the  vapour  mechanically  through  the  air,  increasing  the 
quantity  of  the  salt  until  a  gas  flame  showed  the  reaction  of  the 
peculiar  metal  due  to  particles  in  suspension.  But  it  is  obvious 
that  this  ingenious  method  does  not  admit  of  precision,  and  is  lia- 
ble to  lead  to  an  exaggerated  estimate  of  the  delicacy  of  the  re- 
action, from  the  impossibility  of  ensuring  uniformity  in  the  diffu- 
sion of  the  salt 

The  sodium  reaction  is  the  most  sensitive  of  all ;  by  its  means 
Swan  could  detect TTT^TTT  of  a  grain  of  sodium;  and  so  exten- 
sively is  common  salt  diffused,  that  scarcely  any  flame  can  be  ob- 
tained in  which  the  indication  of  sodium  is  absent. 

Having  observed  the  position  of  the  bright  lines  produced  by 
introducing  into  the  flame  of  a  Bunsen  gas-burner  the  salts  of  the 
various  alkalies  and  alkaline  earths,  each  of  which  had  been  puri- 
fied for  these  experiments  with  great  care,  they  constructed  a 
chart  in  which  the  different  lines  were  laid  down  for  each,  and 
wore  able  by  observing  the  position  of  the  lines  obtained  when  a 
mixture  of  various  salts  was  introduced  into  the  flame,  to  ascer- 
tain the  presence  of  these  different  bases  with  sufficient  readiness 
to  use  the  method  for  the  purposes  of  qualitative  analysis.  The 
rapidity  with  which  the  result  is  obtained  by  a  practised  observer, 
and  the  minuteness  of  the  quantity  required  for  the  examination, 
give  this  method  a  superiority  over  any  other  now  in  use  for  the 

aualitative  analysis  for  the  alkalies  and  alkaline  earths ;  moreover, 
le  circumstance  that  the  mere  inspection  of  a  source  of  light 
furnishes  information  respecting  the  composition  of  the  bodies 
undergoing  combustion  or  volatilization  within  it,  extends  the 
mode  of  inquiry  over  distances  limited  only  by  the  distance  through 
which  the  object  is  visible  :  we  are  thus  furnished  with  a  method 
of  analysis  which  is  applicable  to  the  luminous  atmosphere  of  the 
sun,  the  stars,  as  well  as  to  the  light  of  the  planetary  bodies. 
This  circumstance  invests  the  subject  with  an  interest  like  that 
which  attends  the  employment  of  the  telescope ;  at  the  same  time 
the  minuteness  of  its  search  enables  it  to  reveal,  like  the  micro- 
scope, quantities  of  matter  indefinitely  small. 

This  minuteness  in  its  scrutiny  has  already,  in  the  hands  of 
Bunsen  and  Kirchhoff,  led  to  the  discovery  that  many  bodies,  such 
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as  lithia  and  strontia,  formerly  supposed  to  be  rare,  are  really 
widely  distributed  in  minute  quantities.  It  also  led  them  to  dis- 
cover the  two  new  alkalies  ccma  and  rubidia,  the  first  named  from 
comu%,  "sky-coloured,"  in  allusion  to  the  characteristic  blue  lines 
in  its  spectrum ;  the  second  from  rubidus, "  dark  red,"  owing  to  the 
existence  in  its  spectrum  of  two  red  lines  of  remarkably  low  refran- 
gibility. 

These  bases  were  found  in  the  course  of  an  examination  by 
the  prism  of  the  residue  of  the  mother-liquor  from  the  Durkheim 
spring,  when  the  occurrence  of  these  hitherto  unobserved  lines 
induced  Bunsen  to  make  a  minute  chemical  examination  of  the 
water  which  furnished  them.  The  inquiry  showed  that  in  every 
ton  of  the  original  water,  about  three  grains  of  chloride  of  coesium, 
and  rather  less  than  four  grains  of  chloride  of  rubidium,  were 
present.  These  two  salts  so  closely  resemble  chloride  of  potassium 
in  properties,  that  it  would  have  been  impossible  to  have  ascer- 
tained their  existence  in  the  minute  proportion  in  which  they 
occur  but  for  the  method  of  spectrum  analysis.  To  these  bodies 
Mr.  Crookes,  in  May,  1861,  added  a  third  metallic  element, 
thallium,  so  called  from  0aXKo^y  a  budding  twig,  in  allusion  to 
the  brilliant  green  line  in  which  the  luminosity  of  its  spectrum  is 
concentrated.  This  body  was  found  in  minute  quantity  in  the 
residue  from  a  sulphuric  acid  chamber  at  Tilkerode,  in  theHartz ; 
and  Lamy  has  since  found  it  in  the  acid  from  Belgian  pyrites. 

Kirchhoff  and  Bunsen  ignited  many  of  .the  salts  of  the  different 
metals  in  flames  of  verv  varying  temperature,  including  those  of 
sulphur,  bisulphide  of  carbon,  diluted  alcohol,  carbonic  oxide, 
hydrogen,  and  the  oxyhydrogen  mixture ;  and  they  found  that  the 
same  metal  always  produced  the  same  lines,  whichever  flame  they 
employed  to  heat  it. 

They  do  not,  however,  appear  to  have  observed  that,  as  the 
temperature  rises,  a  new  series  of  bands  becomes  visible  in  certain 
cases.  There  is  no  doubt,  however,  that  this  is  the  case,  from 
the  observations  of  Tyndall,  Frankland,  Roscoe,  and  Clifton,  and 
others.  The  spectrum  of  chloride  of  lithium,  in  the  flame  of  a 
Bunsen  burner,  gives  but  a  single  intense  crimson  line ;  in  a 
hotter  flame,  as  that  of  hydrogen,  it  fives  an  additional  orange 
ray  ;  and  in  the  oxyhydrogen  jet,  or  the  voltaic  arc,  a  broad  bnt 
liant  blue  band  comes  out  in  addition.  A  similar  effect  is  per- 
ceived in  the  case  of  metallic  iron,  of  thallium,  and  of  other  metals 
when  heated  by  the  voltaic  arc,  which  at  elevated  temperatures 
furnish  much  more  complicated  spectra  than  when  less  intensely 
heated.  A.  Mitscherlich  {Pogg.  Annal.,  cxvi.  p.  499, 1862)  has  also 
shown  that  in  flames  of  low  temperature,  the  lines  produced  vary 
with  the  compound  employed :  in  these  cases  the  spectrum  observ- 
ed is  that  due  to  the  compound,  and  not  to  its  elementary  constitu- 
ents, the  spectrum  of  copper,  for  example,  differing  considerably 
from  that  of  an  alcoholic  solution  of  chloride  of  copper,  whilst  that 
from  an  alcoholic  solution  of  iodide  of  copper  differs  from  both. 
It  is,  however,  important  to  remark  that  these  observations  upon 
die  effect  of  temperature  do  not  diminish  the  value  of  spectrum 
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examination  as  a  means  of  qualitative  analysis,  provided  that 
the  operator  adopts  the  method  laid  down  by  Bunsen  and  Kirch- 
hoff  who  introduce  into  a  ooal  gas  flame,  furnished  by  one  of 
Bunseu's  gas-burners,  the  salt  for  examination,  supported  on  a 
loop  of  platinum  wire. 

The  first  spectrum  shown  in  fig.  82  exhibits  some  of  the  fixed 
dark  lines  of  the  solar  spectrum  contrasted  with  the  position  of 
some  of  the  most  important  bright  lines  furnished  by  the  spectra 
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of  the  alkalies  and  alkaline  earths,  when  their  salts  are  heated 
upon  a  loop  of  platinum  wire  introduced  into  the  flame  of  a 
Bonsen  gas-burner.  The  characteristic  lines  in  each  case  are 
distinguished  by  the  letters  of  the  Greek  alphabet,  the  most 
strongly  marked  lines  being  those  indicated  by  the  earliest  Jetter. 

Atnongst  the  various  spectra,  that  of  thallium  and  those  of  the* 
alkali-metals  are  the  simplest.  In  the  potassium  spectrum 
the  most  characteristic  bands  are  the  red  band  Ka  a,  and  violet 
band  Ka  /9.  A  copious  diffused  light  fills  up  the  central  portion  of 
the  spectrum.  In  the  case  of  sodium  nearly  the  whole  of  the 
light  is  concentrated  on  the  intense  yellow  double  band,  Nao, 
In  the  lithium  spectrum  a  crimson  band,  Li  a,  is  the  prominent  line ; 
Li  &  is  seldom  visible ;  but  at  the  elevated  temperature  of  the  vol- 
taic arc,  an  additional  blue  line  becomes  very  intense.  In  the 
spectrum  of  coesium  a  good  deal  of  diffused  light  is  visible,  but  the 
two  lines  in  the  blue,  Cs  a  and  Os  /9,  are  strongly  marked, 
and  may  be  seen  when  a  quantity  of  the  chloride  not  exceeding 
ttvVvt  of  a  grain  of  the  pure  salt  is  used,  or  TTV*  of  a  grain  if  diluted 
with  fifteen  hundred  times  its  weight  of  chloride  of  lith- 
ium. Rubidium  is  not  distinguishable  in  quantities  quite  so 
minute.  The  lines,  Eb  a  and  Rb  £,  in  the  blue,  and  Rb  7  in  the 
red,  are  almost  equally  characteristic,  but  about  jT}Tir  of  a  grain 
of  the  chloride  is  required  to  render  them  visible.  Thallium  is 
recognised  by  the  single  intense  green  line  Tl  a.  The  spectra  of 
the  alkaline  earths  are  equally  definite  though  more  complicated. 

The  salts  which  are  most  readily  volatilized,  such  as  the  chlo- 
rides, bromides,  and  iodides  of  the  different  metals,  give  the  most 
brilliant  spectra.  But  it  is  only  in  the  case  of  the  alkalies  and  the 
alkaline  earths  that  the  spectra  thus  obtained  are  characteristic. 
Where  the  spectra  of  the  other  metals  are  required,  recourse 
must  be  had  to  Wheatstone's  method  of  taking  electric  sparks, 
between  wires  consisting  of  the  metal  of  which  the  spectrum  isre- 

auired ;  and  the  electric  sparks  may  conveniently  be  procured  by 
le  employment  of  RuhmkorfPs  coil.  The  temperature  obtainea 
in  this  way  is  very  intense  and  develope  slines  not  produced  by 
the  heat  of  ordinary  flames.  When  a  compound  gas  or  vapour  is 
made  the  medium  of  the  electric  discharge,  the  spectra  produced 
are  those  of  the  elementary  components  of  the  gas.  It  seems 
as  though,  at  these  intense  temperatures,  chemical  combination 
were  impossible:  and  oxygen  and  hydrogen,  chlorine  and 
the  metals,  may  therefore  all  coexist  in  a  separate  form  although 
mechanically  intermingled. 

If  photographs  of  these  spectra  be  taken,  using  quartz  prisms 
and  lenses,  I  nave  found  that  the  impression  obtained  is  character- 
istic for  each  metal,  the  spectrum  extending  to  a  length  equal 
to  three  or  four  times  as  great  as  that  of  the  solar  spectrum.  (JrAil. 
Trms.,  1862.)  Allusion  will  be  made  to  these  results  in  part  II.  of 
this  work,  when  speaking  of  photography. 

The  application  of  these  processes  of  optical  analysis  to  the  ex- 
amination of  furnace  flames,  at  different  stages  of  various  pro- 
cesses in  the  arts,  cannot  fail  to  afford  information  of  high  interest, 
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which  can  be  obtained  in  no  other  way.  Boscoe  has  already  ap- 
plied it  successfully  in  studying  the  Bessemer  process  for  steel. 

(fl08)  Projection  of  Spectra  on  a  Screen. 
— When  it  is  desired  to  render  the  lines  pro- 
duced by  the  spectra  from  different  metals  vis- 
ible to  a  large  audience,  they  may  be  shown 
by  the  employment  of  the  voltaic  battery. 
About  forty  pair  of  Grove's  construction  will 
answer  well  The  wires  of  the  battery  must 
be  connected  with  the  carbon  electrode  of  a 
Duboscq's  electric  lamp.  The  metals  to  be  burn- 
ed are  supported  upon  the  lower  or  positive 
electrode  made  of  the  hard  carbon  deposited  in 
the  gas  retorts;  and  when  the  salts  of  the 
metals  are  to  be  employed,  two  or  three  vertical 
holes  are  drilled  into  tne  upper  end  of  the  char- 
coal point,  and  into  these  the  salt  for  experiment 
is  introduced.  On  completing  the  connexion 
with  the  battery,  the  arc  is  produced  as  usual. 
Hie  general  arrangement  of  the  apparatus  is 
shown  in  Fig.  83.  The  light  is  allowed  to 
escape  from  the  lamp  through  a  narrow  verti- 
cal slit  *,  of  which  a  distinct  image  must  be 
produced  upon  the  white  screen  w  w,  destined 
to  receive  tne  spectrum  at  a  distance  of  from 
fifteen  to  twenty  feet  from  the  lamp.  When 
the  arrangement  is  thus  far  completed,  a  hol- 
low prism  py  filled  with  bisulphide  of  carbon, 
is  interposed  between  the  condenser  o  and  the 
screen,  and  the  lamp  with  the  condensing  lens 
is  turned  round  until  an  image  of  the  spectrum 
falls  upon  the  screen,  the  prism  being  Drought 
to  the  angle  of  minimum  deviation,  when  the 
incident  and  refracted  rays  form  equal  angles 
with  its  faces.  When  this  is  properly  adjust- 
ed, the  bands 
peculiar  to 
each  spectrum 
are  distinctly 
visible  on  the 
screen.     If  it 

be  desired  to  obtain  a  longer  image  of  the  spectrum,  this  may 
be  effected  by  making  the  refracted  rays  fall  at  the  proper  angle 
upon  a  second  prism  p^  before  they  reach  the  screen. 

(109)  Eirchkoff**  Theory  of  FratmAofer^s  Zincs.— From  what 
has  been  already  stated,  it  is  obvious  that  a  large  number  of  the 
principal  facts  m  relation  to  the  occurrence  of  the  bands  of  the 
spectrum  were  known  before  Kirchhoff  and  Bunsen  directed 
their  attention  to  the  subject.  But  it  has  been  invested  with  a 
new  interest  by  the  discovery  of  the  new  metals,  coesium,  rubid- 
ium, and  thallium,  and  particularly  by  a  theory  of  KirchhofPs, 
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which  embraces  and  generalizes  the  greater  number  of  the  phe- 
nomena, though  it  does  not  account  for  all  of  them.  This  theory 
we  shall  now  consider. 

It  is  to  be  remembered  that  the  spectrum  produced  by  the  ig- 
nition of  a  solid  or  of  a  liquid  always  yields  a  continuous  band  of 
light,  containing  rays  of  all  degrees  of  refrangibility  within 
the  range  of  its  two  extremes ;  but  the  same  body,  when  convert- 
ed into  vapour,  may  produce  a  luminous  atmosphere  which  may 
emit  light  of  pertain  definite  refrangibilities  only,  so  as  to  pro- 
duce a  spectrum  consisting  of  a  series  of  bright  bands  ot  particu- 
lar colours,  separated  from  each  other  by  intervals  more  or  less 
completely  dark.  Bearing  these  facts  in  mind,  the  theory  pro- 
posed to  account  for  Fraunhofer's  lines  will  be  readily  understood. 

In  1858,  Balfour  Stewart  published  in  the  Edm.  JPMI.  Trans., 
vol.  xxii.,  a  paper  on  the  law  of  exchanges  in  radiant  heat,  and  in 
the  following  year  the  subject  was  taken  up  by  Kirchhoff,  who 
arrived  at  the  same  conclusions  as  Stewart,  independently ;  and 
the  German  philosopher  extended  his  theory  to  the  phenomena 
of  light  as  well  as  those  of  heat.  The  conclusion  at  wnich  he  ar- 
rived may  be  thus  stated :  That  when  any  substance  is  heated  or 
is  rendered  luminous,  rays  of  a  certain  and  definite  degree  of 
refrangibility  are  given  out  by  it ;  whilst  the  same  substance  has 
also  the  power  of  absorbing  rays  of  this  identical  refrangibility. 

Sodium,  for  example,  when  ignited,  emits  an  intensely  bril- 
liant yellow  light  which  is  concentrated  into  two  closely  conti- 
Suous  bands  or  bright  lines  coincident  in  position  with  Fraun- 
ofer's  double  black  line  d  in  the  solar  spectrum.  Fraunhofer 
had  himself  observed  the  exact  coincidence  of  the  double  black 
line  d  in  the  solar  spectrum,  with  the  double  bright  line  in  artifi- 
cial lights,  now  known  to  be  characteristic  of  sodium.  If  through 
a  flame  coloured  by  sodium,  the  more  powerful  light  of  the 
charcoal  points  or  ignited  lime  be  transmitted,  the  continuous 
spectrum  due  to  this  stronger  source  of  light  is  interrupted  by  a 
black  line  coincident  with  the  solar  black  line  d.*  Kirchhoff 
has  also  ascertained  that  certain  of  the  bright  bands  in  the  spectra 
of  potassium,  lithium,  barium,  and  strontium,  may  in  like  manner 
be  reversed,  and  I  have  found  that  some  of  the  strongest  lines  in 
the  blue  in  the  spectrum  of  copper  may  be  similarly  reversed. 

Now  Kirchhoff  has  applied  these  facts  to  the  explanation  of 
Fraunhofer's  dark  lines.  He  supposes  that  in  the  luminous  at- 
mosphere of  the  sun,  the  vapours  of  various  metals  are  present, 
each  of  which  would  give  its  characteristic  system  of  bright 
lines ;  but  behind  this  incandescent  atmosphere  containing  me- 
tallic vapour,  is  the  still  more  intensely  heated  solid  or  liquid  nu- 
cleus of  the  sun,  which  emits  a  brilliant  continuous  spectrum  con- 

*  Foucault  in  1849  had  already  made  this  observation  in  a  particular  instance,  but 
had  drawn  no  general  conclusion  from  it  {Journal  de  rinttUut,  Feb.  7th,  1849).  He 
caused  the  image  of  the  sun  to  fall  exactly  on  the  voltaic  arc.  and  by  viewing  this  com- 
pound light  through  a  prism,  he  observed  that  the  double  brilliant  hue  of  the  arc  coin- 
cided exactly  with  the  double  black  line  of  the  solar  light,  and  when  they  overlapped, 
the  black  line  of  the  solar  spectrum  was  rendered  considerably  more  intense. 
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taining  rays  of  all  decrees  of  refrangibility.  When  the  light  qf  this 
intensely  heated  nucleus  is  transmitted  through  the  incandescent 

Ehotosphere  of  the  sun,  the  bright 
nes  wnich  would  be  produced  bj 
the  photosphere  are  reversed  ;  and 
Fraunhofers  black  lines  are  only 
the  reversed  bright  lines  whicn 
would  be  visible  if  the  intensely 
heated  nucleus  were  no  longer 
there. 

Kirchhoff  has  proceeded  to  test 
this  theory  by  submitting  the  solar 
spectrum  to  a  most  minute  inves- 
tigation {Researches  on  the  Solar 
Spectrum,  andon  the  Spectra  of 
the  Chemical  Elements,  translated 
by  Roscoe,  and  published  in  a 
separate  form). 

The  annexed  diagram  shows  a 
small  portion  of  Kirchhoflfs  detail- 
ed drawing,  including  the  part  of 
the  spectrum  extending  from  b  to 
b  (fig.  84),  and  he  states  that  for 
every  bright  line  in  the  spectrum 
of  iron  is  a  corresponding  black 
line  in  the  solar  spectrum.  About 
sixty  such  lines  occur  between  d 
and  f,  and  in  the  small  portion  con- 
tained in  the  figure  there  are  four- 
teen such  lines  indicated  by  the 
mark  Fe.  The  strong  lines  near  by 
marked  Mg,  coincide  with  the  bril- 
liant green  lines  in  the  spectrum 
of  magnesium.  Chromium,  nickel, 
cobalt,  and  calcium  also  give  less 
distinctly  marked  lines  indicated 
by  the  letters  Or,  Ni,  Co,  and  Ca. 
Kirchhoff,  from  these  and  oth- 
er more  extended  observations, 
draws  the  conclusion  that  in  the 
atmosphere  of  the  sun  the  vapours 
of  sodium,  potassium,  magnesium, 
calcium,  iron,  chromium,  and  nick- 
el, and  poBsibly  zinc,  cobalt,  and  °%i ... 
manganese  are  present ;  but  that 
lithium,  copper,  and  silver  are  not 
present.  Angstrom  considers  the 
existence  of  hydrogen,  aluminum, 
and  probably  of  barium  and  stron- 
tium, may  also  be  inferred. 

*  For  want  of  space,  the  figure  Is  arranged  vertically  Instead  of  across  the  page.  Th» 
upper  extremity  is  the  most  refrangible  eni 
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Fascinating  as  this  theory  is,  it  must  be  remembered  that  it  is 
yet  upon  its  trial,  and  that  it  does  not  explain  the  facts  at  present 
known  respecting  the  vapours  of  hydrogen,  mercury,  chlorine, 
broifline,  iodine,  and  nitrogen.  Some  of  these  anomalies  may 
possibly  receive  their  explanation  from  the  recent  investigations 
of  Pliicker  and  Hittorf  {Lea  Monde*,  April  30th,  1863),  They 
found  that  certain  bodies,  such  as  sulphur  and  nitrogen,  give  more 
than  one  spectrum,  the  spectrum  at  a  very  elevated  temperature 
being  entirely  different  from  that  at  a  lower  temperature.  With  sul- 
phur, for  example  the  following  experiments  may  be  made : — A 
tube,  of  the  form  shown  in  fig.  85,  consisting  of  two  wide  portions 
connected  together  by  a  capillary  tube,  is  prepared 
Fig.  85.  with  glass  oi  difficult  fusibility :  into  this  sulphur 
is  introduced,  and  the  last  traces  of  air  having  been 
•  removed,  the  whole  is  hermetically  sealed.  The  tube 
having  been  placed  in  the  proper  position  before  the 
slit  of  the  spectroscope,  is  gently  warmed  by  a  spirit- 
lamp  and  sparks  from  an  induction  oil  and  Leyden 

jar  are  transmitted  by  the  wires K    As  the  tern* 

perature  of  the  tube  is  raised,  the  tension  of  the  sulphur 
vapour  increases,  and  the-first  spectrum  increases  in 
brilliancy,  whilst  at  the  same  time  the  resistance  to  the 
passage  of  the  spark  continues  to  increase,  and  as  a  ne- 
cessary consequence  the  temperature  of  the  discharge 
continues  to  rise.  The  brilliancy  of  the  spectrum 
^  gradually  increases,  and  then  suddenly  the  first  spec- 
"*  trum  vanishes,  and  is  instantaneously  displaced  by 
the  second  spectrum,  which  is  very  rich  in  brilliant  lines.  On  re- 
moving the  spirit-lamp  the  temperature  falls  and  the  first  spec- 
trum reappears,  whilst  the  second  vanishes.  Nitrogen  even  ap- 
pears to  give  three  different  spectra. 

In  the  case  of  hydrogen,  the  three  characteristic  bright  bands 
of  its  ordinary  spectrum  become  broader  and  broader  as  the  in- 
tensity of  the  current  is  gradually  increased,  until  the  light  be- 
comes nearly  continuous ;  the  violet  band  expands  first  whilst 
the  red  always  preserves  a  certain  definite  character. 

In  the  case  of  sodium,  the  bright  lines  at  d  gradually  expand 
and  coalesce  as  the  intensity  of  the  current  is  decreased  ;  finally,- 
this  band  expands,  and  becomes  traversed  by  two  black  lines 
coincident  in  position  with  the  original  bright  fines. 

Oxygen,  chlorine,  bromine,  and  iodine  furnish  only  a  single 
spectrum.  The  general  appearance  of  the  first  spectrum  of  a 
gas  or  vapour  consists  of  bright  bands  crossed  by  numberless 
dark  lines,  a^well  defined  as  those  of  Fraunhofer.  The  general 
character  of  the  second  spectrum  is  that  of  brilliant  bands  upon 
a  more  or  less  luminous  ground  These  bright  bands  have  a 
breadth  regulated  by  the  width  of  the  slit  of  the  spectroscope. 

(110)  Vhanae  vn  the  Refrangibility  of  Light— Fluorescence. 
—A  remarkable  discovery  was  made  by  Stokes,  whilst  engaged 
in  pursuing  the  observations  of  Sir  J.  Herschel  respecting  the 
effect  of  light  upon  an  add  solution  of  sulphate  of  quinia.    This 
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liquid  is  colourless  when  viewed  by  transmitted  light,  but  if 
placed  in  a  glass  and  looked  at  from  above,  it  exhibits*  when 
exposed  to  direct  light,  a  beautiful  and  intense  blue  upon  its 
front  surface ;  but  the  light  which  has  passed  through  one  tessel 
containing  the  sulphate  exhibits  no  such  appearance  on  the  front 
face  of  a  second  vessel  of  the  liquid  which  is  similarly  exposed  to  it 
Now,  the  rays  which  produce  this  beautiful  blue  colour  are  not  the 
ordinary  blue  rays,  but  those  of  the  most  refrangible  portion  of  the 
spectrum,  which  under  ordinary  circumstances  are  not  percepti- 
ble to  the  eye,  but  which  are  remarkable  for  their  powerful  chemical 
action,  and  which  show  their  presence  by  their  chemical  effect  upon 
a  surface  coated  with  chloride  of  silver,  or  with  some  other  photo- 
graphic preparation. 

Stokes  (Phil.  Trans.,  1852,  p.  468)  found  that  if  a  tube  filled 
with  a  solution  of  sulphate  of  quinia  were  placed  successively  in 
each  of  the  colours  of  the  prismatic  spectrum,  *  throughout  nearly 
the  whole  of  the  visible  spectrum  the  light  passed  through  the 
fluid  as  it  would  have  done  through  so  much  water,  but  on  arriv- 
ing nearly  at  the  violet  extremity,  a  ghostlike  gleam  of  pale  blue 
light  shot  right  across  the  tube.  On  continuing  to  move  the  tube, 
the  blue  light  at  first  increased  in  intensity,  and  afterwards  grad- 
■  ually  died  away.  It  did  not,  however^  cease  to  appear  uutu  the 
tube  had  been  moved  far  beyond  the  violet  extremity  of  the  spec- 
trum visible  on  a  screen.'  On  examining  by  a  second  prism  the 
dispersed  light  thus  obtained,  it  was  found  that  it  contained  rays 
extending  over  a  considerable  range  of  refrangibility  within  tne 
limits  of  the  visible  spectrum ;  but  the  least  refrangible  rays,  or 
those  of  the  red  end  of  the  spectrum,  were  wanting. 

This  power  of  changing  the  refrangibility  is  by  no  means  un- 
common, especially  amongst  organic  substances,  most  of  which 
show  it  in  a  degree  more  or  less  marked.  The  change  is  not  con- 
fined to  the  invisible  rays,  but  extends  also  to  those  already 
visible,  the  more  refrangible  being  generally  the  most  affected, 
though  it  is  not  limited  to  this  portion  of  the  spectrum,  for  with 
an  alcoholic  solution  of  chlorophyll  the  effect  is  seen  to  commence 
in  the  red  rays.  It  is,  however,  to  be  remarked,  that  as  yet,  in 
every  instance,  the  altered  ray  gives  rise  to  others  which  are  less 
refrangible.   The  change  is  never  to  rays  of  greater  refrangibility. 

Amongst  the  bodies  in  which  this  phenomenon  is  most  strik- 
ingly exhibited,  may  be  mentioned,  decoction  of  the  bark  of  the 
horse-chestnut  (which  contains  the  vegetable  principle  termed 
cBscidin),  an  alcoholic  tincture  of  chlorophyll  (the  green  colouring 
matter  of  leaves),  tincture  of  the  seeds  of  stramonium,  and  tinc- 
ture of  turmeric.  Many  of  these  substances,  when  spread  upon 
paper,  form  surfaces  which,  if  used  as  a  screen  for  receiving  the 
solar  spectrum,  exhibit  a  prolongation  of  the  more  refrangible 
end  far  beyond  the  violet  and  lavender  rays  which  are  visible  on 
ordinary  white  paper ;  and  with  due  precaution  the  fixed  lines 
of  this  prolongation  may  be  distinctly  seen.  A  slip  of  ivory 
makes  a  very  tolerable  screen  for  this  purpose*  Glass,  coloured 
yellow  with  oxide  of  uranium,  also  exhibits  these  phenomena  in 
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a  very  striking  and  beautiful  form,  but  the  material  which  fur- 
nishes the  best  screen  is,  according  to  Stokes,  a  particular  phos- 
phate of  uranium  {Phil.  lfams.y  1862,  p.  602). 

He  light  of  many  artificial  flames  which  are  of  feeble  illumi- 
nating power  often  contains  beams  fitted  to  exhibit  this  kind  of 
reduction  in  refrangibility  in  a  remarkable  manner.  The  flame 
of  a  common  spirit-lamp,  and  that  of  burning  sulphur,  are  espe- 
cially remarkable.  If  a  weak  infusion  of  horse-chestnut  bark  be 
poured  into  a  tall  jar  of  water,  illuminated  by  sulphur  when  burn- 
ing in  oxygen,  beautiful  waves  of  phosphorescent  light  are  seen  as 
the  two  liquids  mingle,  owing  to  the  dispersion  of  the  light  ren- 
dered visible  by  the  cesculin  in  solution.  In  the  same  way,  char- 
acters traced  with  tincture  of  stramonium  on  white  paper,  and 
nearly  invisible  in  daylight,  when  exposed  to  the  light  of  burning 
sulphur,  appear  distinctly  upon  the  paper  in  lines  of  a  pale  blue 
phosphorescent  light; 

The  appearance  produced  by  this  change  in  the  refrangibility 
of  light  is  termed  fluorescence,  and  bodies  which  have  the  power 
of  effecting  it  are  spoken  of  as  fluorescent  substances.  If  tne  in- 
cident light  be  polarized  (119  et  seq.\  the  dispersed  light  of  the 
fluorescent  body  is  found  to  have  entirely  lost  the  polarized  con- 
dition. Hence  it  seems  to  be  almost  certain  that  the  rays  which 
produce  fluorescence  are  first  absorbed  and  then  re-radiated,  but 
m  a  condition  of  lower  refrangibility. 

When  the  fluorescent  property  of  a  body  is  but  feeble,  Stokes 
directs  the  following  means  to  be  used  for  its  detection : — Place 
over  an  aperttre  in  the  shutter  of  a  darkened  room  a  transparent 
body,  which  transmits  only  feebly  luminous  rays  and  rays  of  high 
refrangibility,  and  place  behind  it  a  second  medium  which  absorbs 
as  completely  as  possible  the  rays  transmitted  by  the  first,  whilst 
it  transmits  those  rays  which  are  absorbed  by  the  first  If  these 
media  be  well  chosen,  no  light  will  traverse  the  second  screen. 
Two  glass  troughs,  one  filled  with  the  pure  solution  of  ammonio- 
sulphate  of  copper,  the  second  with  the  yellow  solution  of  chro- 
mate  of  potassium,  will  act  venr  well  in  many  cases.  Now  inter- 
pose between  the  two  screens  the  object  the  fluorescence  of  which 
is  to  be  determined ;  as  soon  as  this  is  done,  the  object,  when 
viewed  through  the  second  screen,  will  appear  to  be  more  or  less 
luminous,  accordingto  the  degree  in  which  it  possesses  the  prop- 
erty in  question.    \JPhU.  Trans.,,  1858,  p.  885.) 

These  highly  refrangible  rays  do  not  pass  readily  through 
glass ;  indeed,  most  transparent  bodies  absorb  these  rays  to  a 
greater  or  less  extent.  Tnis  subject  will  be  again  adverted  to 
when  speaking  of  photography,  fey  employing  a  prism  of  quartz 
and  lenses  of  the  same  material,  rays  have  been  found,  in  the  ex- 
amination of  lights  from  different  sources,  which  extend  far  be- 
yond the  limits  of  the  solar  spectrum.  The  invisible  rays  in  the 
solar  spectrum,  for  example,  extend  beyond  the  violet  extremity 
of  the  spectrum  for  a  distance  nearly  equal  in  length  to  twice  that 
of  the  luminous  portion ;  but  in  the  electric  light  obtained  by  the 
ignition  of  charcoal  points,  the  invisible  spectrum  can  be  traced 
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nearly  six  times  as  far.  Each  of  the  metals  also  furnishes  a  simi- 
lar elongated  spectrum,  when  the  secondary  sparks  from  an  in- 
duction coil  are  transmitted  between  them.  The  spectra  so  ob- 
tained are  quite  characteristic.  (W.  A.  Miller,  Phil.  Trans.. 
1862 ;  Stokes,  Phil.  Trans.,  1862.)  By  interposing  a  coloured 
absorbent  medium,  such  as  gaseous  chlorous  anhydride,  in  the 
track  of  the  beam  before  it  is  transmitted  through  the  prism, 
fixed  dark  lines  can  be  traced  at  different  points  througn  this 
greatly  elongated  spectrum. 

(111)  Prismatic  analysis  of  the  solar  beam,  however,  discloses 
to  us  otner  phenomena  besides  the  separation  of  light  into  por- 
tions of  different  colours.  The  radiations  from  the  sun  contain 
not  only  luminiferous  rays,  but  they  are  accompanied  by  a  large 
amount  of  heat :  these  rays  of  heat  are  susceptible  of  refraction, 
like  those  of  lignt,  though  as  they  are  for  the  most  part  less  re- 
frangible than  the  rays  of  light,  the  calorific  or  heating  rays  are 
most  abundant  near  the  red  end  of  the  spectrum  ;  a  large  propor- 
tion of  the  rays  of  heat  are  less  refrangible  than  any  of  the  rays 
of  light,  and  fall  in  the  dark  space  below  the  red.  Besides  tne 
rays  of  heat  and  light,  the  spectrum  contains  rays  which  exert  a 
powerful  chemical  effect  on  growing  plants,  and  on  many  metal- 
lic and  other  compounds ;  these  occur  in  greatest  abundance  in 
the  more  refrangible. portions  in  and  beyond  the  blue  and  violet 
rays,  and  will  be  referred  to  hereafter. 

The  complex  nature  of  the  solar  spectrum  may  be  further 
illustrated  by  its  action  upon  phosphorescent  bodies. 

(112)  Phosphorogenic  Pays. — A  certain  numberof  bodies  are 
known  which,  although  they  do  not,  under  ordinary  circum- 
stances, emit  light  in  the  dark,  yet,  alter  exposure  in  the  solar 
ray,  contiuue,  without  undergoing  any  perceptible  chemical 
change,  to  be  faintly  luminous,  after  having  been  removed  to  a 
darkened  room,  for  an  interval  varying  from  a  minute  fraction  of 
a  second  to  several  hours.  Amongst  these  substances  Canton's 
phosphorus,  or  sulphide  of  calcium,  Baldwin! s  phosphorus,  or 
"fused  nitrate  of  calcium,  and  Bologna  stone,  which  is  a  sulphide 
of  barium,  have  been  long  known ;  but  the  researches  of  E.  Bec- 
querel  {Ann.  de  Chimie,uX.  lv.  5,  and  lvii.  40)  have  shown  that 
this  property  is  far  more  common  than  is  usually  supposed, 
though  the  duration  of  the  phosphorescent  effect  is  often  extreme- 
ly brief.  Sulphide  of  strontium,  and  certain  varieties  of  diamond, 
and  of  fiuor  spar,  show  it  strongly ;  alumina  also  exhibits  it 
powerfully,  though  but  for  a  short  time,  and  it  is  equally  marked 
whether  the  alumina  be  crystallized,  as  in  ruby  and  sapphire,  or 
amorphous,  as  when  recently  precipitated.  It  is  worthy  of  note 
that  silica  does  not  exhibit  this  property  in  any  of  its  forms ;  but 
the  salts  of  the  alkalies,  and  of  the  alkaline  earths,  generally, 
show  it  strongly;  most  other  transparent  objects,  particularly 
those  of  organic  origin,  such  as  sugar,  tartaric  acid,  and  quinia, 
likewise  possess  the  power,  though  in  a  much  more  feeble  degree. 
Bodies  ot  dark  colour,  and  the  metals,  generally,  do  not  show  it. 

It  has  been  remarked  that  all  phosphorescent  solids  lose  the 
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power  of  emitting  light  when  tbey  are  brought  into  solution. 
Indeed,  the  liquid  form  seems  to  be  unfavourable  to  its  display ; 
for  solid  bodies,  such  as  hydrate  of  potash  and  nitrate  of  uranium, 
which  melt  at  a  moderate  heat,  lose  the  property  whilst  fused, 
but  recover  it  again  immediately  that  they  become  solid. 

Some  gases,  and  more  particularly  oxygen,  when  enclosed  in 
glass  tubes  and  subjected  to  the  transmission  of  electric  sparks, 
exhibit  a  phosphorescence  which  lasts  for  a  few  seconds.  Faraday 
ascribes  the  luminous  trail,  which  is  sometimes  observed  upon  a 
cloud  after  the  passage  of  a  flash  of  lightning,  to  a  brief  phos- 
phorescence of  the  portion  of  the  atmosphere  which  the  flash  has 
traversed. 

Some  of  the  phenomena  of  phosphorescence  may  be  observed 
by  selecting  one  of  those  phosphori  which  retains  its  luminosity 
for  some  time,  such  as  sulpiride  of  calcium,  and.  after  it  has  ceased 
to  emit  light  in  the  dark,  sprinkling  it  in  powder,  over  a  piece  of 
paper,  in  a  darkened  room,  and  submitting  it  to  the  action  of  the 
solar  spectrum ;  phosphorescence  will  be  produced  in  it,  but  by 
the  more  refrangible  rays  only.  There  are  two  maxima  of  illn- 
m^pation,  one  ot  which  is  within  the  blue  and  violet  portion  of 
the  spectrum  ;  the  other  is  beyond  the  termination  of  the  violet 
In  fig.  86,  the  stripe  1  represents  the  diffusion  of  light  in  the  solar 
spectrum,  whilst  2  gives  the  relative  position  of  the  points  of 
maximum  phosphorescence  with  the  sulphide  of  calcium,  com- 
pared with  the  luminous  spectrum. 

The  flash  of  an  electric  spark,  made  to  pass  so  that  its  light 
shall  fall  upon  a  piece  of  paper  thus  prepared,  is  sufficient  to 
render  phosphorescent  the  whole  exposed  surface  of  the  sulphide ; 

Fig.  86. 


but  if  the  paper  be  partially  covered  by  a  plate  of  even  the  most 
transparent  glass,  the  screened  portion  will  not  exhibit  any  phos- 
phorescence. A  screen  of  rock  crystal,  however,  produces  no 
such  absorbent  effect,  all  the  portions  of  the  prepared  surface 
being  in  this  latter  case  equally  luminous.  The  light  emitted 
from  charcoal-points,  ignited  by  a  voltaic  current,  it  it  be  only 
instantaneous  in  duration,  is  equally  unable  to  penetrate  glass  so 
as  to  produce  phosphorescence,  although  it  traverses  rock  crystal 
readily.  The  solar  rays,  however,  traverse  either  medium  equally, 
without  loss  of  phospfwrogenic  power.  A  long-continued  voltaic 
light  produces  a  similar  result.  Glass  is  only  less  perfectly  per- 
meable than  rock  crystal  to  the  phosphorogenic  rays  that  accom- 
pany the  luminous  ones.    It  is  interesting  to  observe  that  in  the 
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phosphorogenic  spectrum,  inactive  spaces  occur,  corresponding 
exactly  with  the  position  of  Fraunhofer's  lines,  and  with  the  dark 
bands  of  the  chemical  spectrum.  (E.  Becquerel,  Ann.  de  Chimie, 
IILix.  314.) 

Ajl  ingenious  instrument  has  been  devised  by  £.  Becquerel 
for  the  nurpose  of  observing  phosphorescence  of  very  brief  dura- 
tion. One  of  the  forms  of  this  pAosphorosccpe,  as  he  terms  it,  is 
represented  both  in  section  and  in  plan  in  fig.  87, 1  and  2.  It 
consists  of  a  circular  box,  a  b,  of  about  six  inches  in  diameter, 
upon  the  centre  of  the  floor  of  which  the  object  to  be  tested, 
p,  is  placed  ;  this  box  is  provided  with  a  fixed  lid,  s  t,  in  which 
are  two  apertures,  m,  n.  near  the  circumference,  and  on  opposite 
sides,  as  shown  in  the  plan,  2. 

In  order  to  use  the  instrument,  it  is  placed  in  the  shutter, 
w  w,  of  a  darkened  room,  so  that  one-half  of  the  box  shall  be 
within  the  chamber,  and  the  other  half  shall  project  outside  it. 
Under  these  circumstances,  a  beam  of  light,  l,  may  enter  the  box 
at  m,  and  can  be  concentrated,  if  necessary,  by  a  lens,  upon  the 
object,  p>  the  phosphorescence  of  which  is  to  be  tried.  An  ob- 
server, stationed  within  the  dark  room  at  o,  would  see  this  object 
through  the  second  aperture,  n.  Beneath  this  fixed  lid,  however, 
is  placed  a  second  moveable  cover,  which  by  meafis  of  wheel- 
work  can  be  made  to  rotate  rapidly  in  a  plane  parallel  to  that  of 


Ro.  81 


the  fixed  lid.  In  this  revolving  cover  are  three  openings,  1,  2,  8, 
shown  in  the  plan.  These  correspond  in  size  to  the  fixed  aper- 
tures, to,  n,  but  are  situated  at  angular  distances  of  120°  from  each 
other :  so  that,  whenever  light  is  entering  by  the  outer  aperture, 
m,  in  the  fixed  lid,  the  inner  aperture,  n,  is  closed ;  and  when- 
ever the  object  of  which  the  phosphorescence  is  to  be  tested  is 
exposed  to  the  observer^  no  light  from  without  can  reach  it. 
Now,  if  the  object  be  visible  to  the  observer  at  o,  whilst  the  disk 
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is  in  rotation,  it  can  only  become  bo  by  a  phosphorescent  action : 
and,  by  varying  the  rate  of  rotation,  the  interval  between  the  ac- 
tion of  the  light  on  the  sensitive  surface,  and  the  exposure  of  the 
object  to  the  eye  of  the  observer,  can  be  made  to  vary  from  a 
period  as  short  as  the  T}Tof  a  second  to  any  greater  interval. 
Other  and  still  more  sensitive  forms  of  the  instrument  have  been 
employed ;  but  for  a  description  of  these  the  reader  is  referred  to 
the  original  memoirs  above  cited.  # 

The  colour  of  the  light  emitted  by  these  phosphor!  is  peculiar 
to  each  substance,  and  seldom  corresponds  with  that  of  the  an- 
cient ray:  it  is  generally  of  a  lower  degree  of  refrangibility, 
never  of  higher  refrangibility  ;  for  instance,  the  sulphide  of  ba- 
rium emits  a  yellow  light,  though  excited  by  the  violet  and  extra- 
violet  rays :  and  the  sulphide  of  calcium,  which  in  different  speci- 
mens emits  an  orange,  a  green,  or  a  blue  phosphorescence,  is  in 
all  cases  excited  by  the  more  refrangible  portion  of  the  spectrum 
beyond  the  line  o. 

The  cause  of  the  variation  in  tint  of  the  phosphorescence  pro- 
duced by  different  specimens  of  the  same  substance,  has  been 
minutely  examined  by  Becquerel ;  and  he  attributes  it  to  mo- 
lecular, and  not  to  chemical  differences  in  the  phosphori,  the 
results  being  influenced  by  the  temperature  at  which  the  phos- 
phorescent body  was  prepared,  and  the  crystalline  structure  and 
freater  or  less  compactness  of  the  material  (e.g.  sulphate  or  car- 
onate  of  calcium)  employed  in  the  preparation  of  the  phosphori. 
A  phosphorescent  body,  which  has  been  fused,  and  allowed  to 
solidify  again,  often,  when  placed  in  the  phosphoroscope,  emits 
light  of  a  tint  different  from  that  which  it  exhibited  before  it  had 
undergone  fusion ;  thus  plates  of  crystallized  boracic  acid  furnish 
a  greenish-blue  light,  but  after  the  acid  has  been  fused  the  phos- 

Ehorescence  is  yellow.  Loaf-sugar  emits  a  pale  greenish  light, 
ut  after  fusion,  on  again  exposing  it  in  the  phosphoroscope,  it 
gives  off  a  much  more  intense  yellowish  light. 

It  is  to  be  remarked  that,  m  many  cases,  the  less  refrangible 
rays  of  the  spectrum  actually  destroy  the  phosphorescence  pro- 
duced by  the  more  refrangible  rays. 

Where  the  phosphorescence  has  a  considerable  duration,  it  is 
found  that  elevation  of  temperature  heightens  the  luminosity,  but 
shortens  the  duration  of  the  phosphorescence.  The  effect  of  heat 
upon  the  sulphide  of  strontium,  when  prepared  with  due  precau- 
tion, is  very  remarkable.  Certain  specimens  of  it  at  0°  JF.  emit 
a  very  beautiful  violet  phosphorescence ;  by  raising  the  tempera- 
ture to  160°,  the  light  emitted  has  a  greenish  hue,  and  if  the  tube 
which  contains  the  sulphide  be  heated  to  about  400°,  the  light 
becomes  of  an  orange  yellow. 

Becquerel  is  of  opinion  that  the  phenomena  of  phosphorescence 
and  those  of  fluorescence  have  a  common  origin — many  phospho- 
rescent bodies,  such  as  nitrate  of  uranium,  sesculin,  and  sulphate 
of  quinia,  emitting  light  of  the  same  tint  as  that  which  they  dis- 
play when  fluorescent.  This  point,  however,  requires  further 
investigation,  since  many  bodies  which  are  highly  phosphorescent 
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aliow  no  signs  of  fluorescence,  and  the  range  of  colour  in  the  light 
emitted  by  phosphorescent  bodies  is  smaller  than  in  the  same 
bodies  when  they  become  fluorescent 

(113)  Velocity  qf  Light.— It  is  certain  that  light  is  the  result 
of  a  series  of  progressive  actions,  since  it  requires  time  for  its 
propagation.  Astronomers  have  ascertained  from  observations 
on  the  eclipses  or  oocuUaUona  of  the  satellites  of  Jupiter,  the  pe- 
riods of  wnich  are  accurately  known,  that  when  the  earth,  as 
represented  at  f,  fig.  &,  is  situated  at  its  greatest  distance  from 
that  planet,  i,  these  occultations  appear  to  occur  about  a  quarter 
of  an  hour  later  than 

they    do    when    the  _?L..?®: 

earth  is  nearest  to  it,         ^ "        _  -— ^ 

asats;  consequently,     /"  *f~~(£\      "^  x£" 

between   15  and   16     \^  V__^l >"  j^po 

minutes  are  required  "*--• --. ****' 

by  light  in  traversing 

the  width  of  the  earth's  orbit,  a  space  of  about  190,000,000 
miles.*  Light  would  therefore  traverse  a  space  equal  to  the  cir- 
cumference of  the  earth  in  about  the  eighth  part  of  a  second  of 
time. 

The  velocitv  of  light,  however,  appears  to  vary  with  the 
medium  through  which  it  passes ;  in  a  denser  medium  its  velocity 
is  retarded,  but  in  a  medium  of  uniform  density,  if  it  travel  in  a 
uniform  direction,  its  velocity  is  also  uniform.  It  may  be  shown 
mathematically  that  if  the  hypothesis  of  emission  be  correct,  the 
velocity  must  be  quickened  in  a  denser  medium,  whilst  on  the 
undulatory  theory  it  should  be  retarded;  the  decision  of  this 
question,  therefore,  affords  an  experirnvntum  cruris  between  the 
two  theories. 

Foucault  {Ann.  de  Chimie,  III.  xli.  129)  and  Fizeau  have,  in- 
dependently of  each  other,  by  a  beautiful  application  of  the  re- 
volving mirror,  first  used  by  Wheatstone,  succeeded  in  solving 
this  important  question ;  by  direct  measurement  they  find  that 
ligjht  is  retarded  in  the  denser  medium :  the  relative  velocitv 
being  inversely  as  the  refracting  indices  of  the  media  compared. 
Consequently  the  theory  of  emission  cannot  be  longer  main- 
tained. 

(114)  Width  and  Frequency  of  Undulations  of  Light.— -The 
undulatory  hypothesis  accounts  for  differences  in  tne  intensity  of 
the  light  e  s,  fig.  89,  by  differences  in  the  amplitude  or  excur- 
sion, a  J,  of  the  undulation ;  and 
for  the  phenomena  of  colour  by  Fw-  ** 
differences  in  the  length,  a  <?,  and  in         a 
the  frequency  of  the  undulations ;     jj|Z 
just  as  in  the  phenomena  of  sound,        ~= 
the  pitch  of  the  note  is  proved  to 
depend  upon  the  number  of  vibrations  in  a  given  time :  but  the 
extent  through  which  the  ear  appreciates  proportionate  differ- 

*  Or,  according  to  more  recent  computations  of  astronomer*,  176,000,000  miles. 
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ences  of  rapidity  in  the  undulations  which  produce  sound,  is  much 

E eater  than  that  which  the  eye  can  estimate  in  the  case  of  light 
ost  persons  can  conceive  musical  sounds  in  which  all  possible 
variety  exists  between  16  and  2048  vibrations  in  a  second,  i.  e., 
including  a  range  of  eight  octaves,  in  the  highest  of  which  the 
vibrations  are  128  times  more  numerous  than  in  the  lowest' 
With  light  the  range  is  much  more  limited,  and  extends  not 
quite  so  far  as  from  TOO  to  1*75.*  The  average  length  of  a  wave 
of  white  light  is  TT  JTT  of  an  inch ;  but  the  length  of  the  wave, 
as  well  as  its  frequency,  differs  in  the  different  colours :  in  red 
light  it  is  longer,  being  about  TTH*  of  an  inch,  while  in  violet  it 
is  only  77£77.  Hie  number  of  vibrations  is  estimated  at  five 
hundred  million  millions  per  second  (500,000000,000000)  in  white 
light ;  in  red  light  at  482,000000,000000 ;  and  in  violet  light  at 
as  much  a*  707,000000,000000. 

Interference. 

(115)  Illustrations  of  Interference  of  Undulations. — One  of 
the  simplest,  and  at  the  same  time  most  beautiful  proofs  of  the 
analogy  in  the  mechanism  by  which  sound  and  light  are  pro- 
duced, is  exhibited  in  the  phenomena  included  under  the  term 
interference. 

tt  is  well  known  that  when  two  stretched  strings,  not  quite  in 
unison  with  each  other,  are  struck  simultaneously,  each  gives  its 
own  note,  and  the  compound  sound  produced,  instead  of  dying 
away  gradually  and  uniformly,  is  subject  to  a  succession  of  alter- 
nate maxima  and  minima  of  intensity  ;  the  sound  alternately  dies 
away  and  revives  several  times  in  succession  before  it  becomes 
finally  inaudible ;  it  thus  produces  what  are  termed  beats  in  the 
notes.  These  beats  are  due  to  the  interference  with  each  other 
of  the  vibrations  from  the  two  strings.  As  one  string  is  vibrating 
a  little  faster  than  the  other,  it  must  happen  that  the  direction 
of  the  vibrations  in  the  two  strings  at  certain  moments  must  coin- 
cide ;  at  this  point  we  have  the  maximum  of  sound ;  the  periods 
of  vibration  will  then  gradually  recede,  and  ultimately  oppose 
each  other,  when  they  produce  a  momentary  silence. 

Again,  when  two  equal  impulses  are  given  at  a  little  distance 
from  each  other  upon  the  surface  of  a  sneet  of  still  water,  each 
becomes  the  centre  of  a  system  of  waves,  which  ultimately  cross 
each  other,  and  alternately  increase  and  diminish  the  effect  of 
each  other.  For  example  if  in  fig.  90  the  concentric  circles 
represent  two  equal  systems  of  waves  in  water,  setting  out  simul- 
taneously, they  will  intersect  each  other ;  the  length  of  the  wave 
in  each  system  is  the  same :  where  the  crests  of  the  waves  coin- 
cide, the  elevation  will  be  doubled :  but  where  the  crest  of  one 
wave  coincides  with  the  depression  of  the  other,  the  water  will 
retain  its  level  surface.    These  points  will  occur  in  regular  suc- 

*  The  range  in  the  Invisible  portion  of  the  spectrum  is,  however,  much  greater  for 
the  rays  which  produce  fluorescence  and  chemical  action. 
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cession,  and  form  '  lines  of  double  disturbance  and  no  disturbance.' 
The  lines  of  double  dis- 
turbance, indicated  in  the  **••  90- 

diagram  by  the  points 
where  the  circles  touch  or 
cat  each  other,  occur  at 
distances  which  differ  by 
the  entire  width  of  one  or 
more  waves,  or  by  an  even 
number  of  half  waves. 
The  intermediate  points, 
or  points  of  no  disturb- 
ance, are  situated  at  dis- 
tances from  the  centres 
differing  by  an  odd  number  of  half  waves :  the  first  will  occur  at 
the  distance  of  half  a  wave ;  the  second  at  a  wave  and  a  half; 
the  third  at  two  waves  and  a  half,  and  so  on.  Now  these  phe- 
nomena of  undulation  in  air  and  in  water  have  an  exact  counter- 
part in  the  case  of  light. 

If  a  beam  of  light  of  a  single  colour  be  admitted  into  a  dark- 
ened room  by  two  small  apertures  in  a  thin  sheet  of  metal,  such 
&b  pin-holes*  placed  very  near  each  other,  and  the  light  which 
enters  be  allowed  to  fall  upon  a  screen  just  beyond  the  point 
where  the  outermost  rays  of  the  two  cones  intersect  each  other, 
—a  snot  of  increased  brightness  is  seen  where  the  screen  is  inter- 
sected, by  a  line  at  right  angles  to  it,  and  which  also  bisects  at 
rijjht  angles  the  line  joining  the  two  pin-holes ;  on  either  side  of 
this  bright  spot  will  be  a  series  of  bands,  alternately  dark  and 
bright,  although  the  dark  bands  as  well  as  the  bright  ones  are 
receiving  the  rays  from  both  apertures.  The  addition  of  light  to 
light  has  here  produced  darkness.  Let  o,  q.  fig.  91,  represent 
the  two  pin-holes,  and  a  b  o  d,  a  section  of  the  screen ;  let  p  a 
bisect  the  distance  between  the 
apertures  at  right  angles,  and  fall  Fro.  91. 

vertically  on  the  screen.  If  the 
spots  a,  b,  0,  d,  each  represent  the 
centre  of  a  bright  band,  o  a,  q  a, 
will  be  formed  of  rays  the  paths 
of  which  are  equal ;  o  b,  q  b,  will 
differ  by  the  length  of  one  wave ; 
o  0,  q  o,  by  two  waves ;  o  d,  q  d,  by  three  waves :  and  the  black 
bands  between  the  bright  ones  will  be  formed  by  the  interfering 
of  rays,  the  paths  of  which  differ  in  length  successively  by  half 
a  wave,  a  wave  and  a  half,  two  waves  and  a  half,  &c. — (Lloyd's 
Lectures  on  the  Wave  Theory  of  Light.} 

The  length  of  the  paths  traversed  by  the  rays  from  each 
aperture  is  equal  in  the  central  spot  a,  and  the  intensity  of  the 
light  is  therefore  increased ;  but  since  the  path  of  the  rays  on 
either  side  of  this  becomes  more  or  less  oblique  by  regular  in- 
crease or  decrease,  the  lengths  of  those  paths  must  necessarily  be 
gradually  and  progressively  either  augmented  or  diminished; 
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consequently  the  number  of  undulations  in  each  will  be  propor- 
tionately increased  or  diminished.  When  the  lengths  of  the 
paths  ot  the  two  rays  differ  by  an  even  number  of  half  undula- 
tions, that  is  to  say  by  entire  undulations,  a  bright  band  is  the 
result ;  when  they  differ  by  an  odd  number  of  half  undulations, 
darkness  ensues.  Now  as  the  inclination  is  progressive,  there  is 
necessarily  a  progressive  passage  from  the  brightest  lignt  to  the 
most  complete  darkness.  By  intercepting  the  light  from  one 
aperture,  all  the  dark  bands  disappear.  The  measurement  of  the 
breadth  of  one  of  these  bands  affords  one  means  of  determining  the 
length  of  a  wave  of  light  of  that  particular  colour,  if  the  lengtn  of 
a  p  be  known.  Further,  since  the  length  of  a  wave  oi  light 
differs  in  lights  of  different  colour  and  refirangibility,  being  long- 
est in  the  red  or  least  refrangible,  and  shortest  in  the  violet  or 
most  refrangible  ones,  the  coloured  bands  are  broadest  in  the  red 
and  narrowest  in  the  violet ;  and  if  the  experiment  illustrated  by 
fig.  91  be  performed  with  white  light  instead  of  with  monochro- 
matic light,  the  overlapping  of  the  bands  of  the  different  colours 
will  produce  a  succession  of  iridescent  or  coloured  bands,  instead 
of  mere  alternations  of  light  and  darkness. 

The  phenomenon  of  interference  is  one  of  the  most  funda- 
mental properties  of  light :  indeed  it  takes  place  with  common 
light  under  all  circumstances ;  but  the  disturbing  causes  in  ordi- 
nary cases  exactly  compensate  each  other,  and  it  is  only  by  inter- 
cepting part  of  a  pencil  of  rays,  so  as  to  remove  one  half  of  the 
compensating  system,  that  the  disturbance  produced  by  the  re- 
maining half  becomes  manifest,  as  in  the  experiments  just  de- 
scribed. If  upon  a  brilliant  plane  reflecting  surface,  such  as  a 
polished  plate  of  steel,  a  number  of  very  fine  lines  be  traced  at 
equal  intervals,  so  that  there  xnay  be  from  1000  to  20,000  per 
inch,  a  surface  is  obtained  which  reflects  a  multitude  of  diverging 
cones  of  light,  in  consequence  of  the  absence  of  reflection  at  regu- 
lar intervals  corresponding  to  the  grooves ;  these  cones  of  rays 
interfere  at  their  edges  without  compensation,  and  a  series  of  col- 
ours of  the  most  brilliant  tints  is  perceptible.  A  variety  of 
natural  objects  owe  the  beautiftil  iridescent  play  of  colours  which 
they  exhibit,  to  a  structure  of  this  kind  ;  instances  of  this  occur 
in  the  feathers  of  many  birds.  The  hues  of  mother  of  pearl  and 
other  shelly  structures  are  also  due  to  their  mode  of  formation  in 
successive  extremely  thin  laminae,  the  edges  of  which  form  a 
series  of  grooves  upon  their  surfaces,  and  thus  produce  the 
phenomenon ;  impressions  of  these  grooves  may  often  be  taken 
in  sealing-wax  or  in  fusible  metal,  and  the  same  play  of  colours 
is  then  obtained  in  the  impressions. 

(116)  Colowrs  of  Thin  Plates. — A  different  set  of  colours,  also 
.  dependent  for  their  origin  upon  interference,  are  those  termed 
the  colours  of  thin  plates.  By  dipping  the  mouth  of  a  wine  glass 
into  a  solution  of  soap  in  water,  or  what  is  still  better,  into  gum- 
water,  a  bubble  may  be  formed  across  it ;  if  the  glass  be  laid 
upon  its  side,  the  film  becomes  gradually  thinner  and  thinner 
from  the  action  of  gravity,  and,  if  viewed  by  reflected  light,  a 
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Fig.  92. 


Beries  of  iridescent  tints  is  developed,  increasing  in  brilliancy 
until  the  bubble  becomes  reduced  to  a  state  of  extreme  tenuity ; 
it  then  appears  to  become  black  at  the  thinnest  point,  and  speedi- 
ly bursts.  These  colours  are  due  to  the  interference  of  a  part  of 
tne  light  which  is  reflected  from  the  second  surface  of  the  film, 
with  that  which  is  reflected  from  the  first  surface.  Any  trans- 
parent object,  such  as  glass,  thin  films  of  metallic  oxides,  mica, 
<fec,  if  reduced  to  laminse  of  sufficient  thinness,  will  produce  the 
same  effect.  The  particular  colour  is  dependent  on  the  thickness 
of  the  film.  In  tempering  steel,  its  surface  becomes  covered  with 
a  film  of  oxide,  and  the  workmen  judge  of  the  heat  by  the  colour 
produced;  the  higher  the  temperature  which  is  applied,  the 
thicker  does  the  film  become. 

The  laws  which  regulate  this  phenomenon  were  traced  with 
great  success  by  Newton.  He  placed  a  convex  lens,  of  a  very 
long  radius  of  curvature,  upon  the  flat  surface  of  a  plano-convex 
lens.  Fig.  92  shows  a  section  of  both  lenses,  the  curvature  of 
which  is  much  exaggerated. 
Around  the  point  of  contact 
the  rings  developed  them- 
selves with  a  black  spot  in 
the  centre,  in  an  order  de- 
pendent upon  the  thickness 
of  the  film  of  air  included  be- 
tween the  two  plates  (fig.  93).  Knowing  the  convexity  of  the 
upper  lens,  he  was  able  to  calculate  the  thickness  of  the  film 
required  to  produce  anv  given  tint.  He  thus  found  that  there 
is  a  limit  to  the  thickness  of  all 
transparent  objects,  below  which 
they  cease  to  be  visible  in  reflected 
light,  and  another  thickness  above 
this,  bevond  which  they  reflect  only 
white  light:  between  these  two 
thicknesses  the  phenomena  which 
we  are  now  considering  take  place. 
The  thickness  of  the  film  which  pro- 
duces any  given  colour  varies  with 
the  nature  of  the  reflecting  plate, 
being  in  the  inverse  ratio  of  its  re- 
fractive index.  At  and  below  the  thickness  of  7**4**0  of  an 
inch  the  film  of  air  exhibits  a  black  spot  when  viewed  by  reflec- 
tion, and  above  tttVttft  it  reflects  white  light  In  water  at  -$ 
of  a  millionth  of  an  inch  a  black  spot  is  formed ;  above  T**f*V** 
the  reflected  light  is  white.  Glass  produces  the  same  result  at 
all  thicknesses  oelow  tttttttt  of  an  inch,  and  reflects  white  light 
at  all  thicknesses  above  tttVttv  °f  an  inch. 

The  order  of  succession  of  the  colours  constitutes  what  is 
termed  NewtorCs  scale.  Six  or  seven  series  of  coloured  bands 
may  thus  be  distinctly  traced.  "  These  rings  when  produced  by 
homogeneous  light  are  alternately  bright  and  black;  the  width 
of  the  ring  is  dependent  upon  the  colour,  and  is  greatest  in  the 


Fig.  98. 
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least  refrangible  light  The  overlapping  of  the  narrow  rings  by 
the  broader  ones  in  the  mixed  light  of  day,  is  thus,  as  in  the  case 
of  the  coloured  bands  produced  by  interference,  the  cause  of  the 
brilliant  succession  of  colours. 

A  similar,  but  fainter  series  of  colours,  may  be  seen  in  the 
light  that  is  transmitted  through  the  film,  but  the  tints  are  in  this 
case  complementary  to  those  of  the  reflected  rays.  By  increas- 
ing the  obliquity  of  the  incident  rays,  the  breadth  of  the  lings  is 
increased  in  both  transmitted  and  reflected  light  The  tints  of 
the  transmitted  rays  are  much  paler  than  those  seen  by  reflec- 
tion ;  they  are  produced  by  the  interference  of  a  portion  of  light 
twice  reflected  within  the  plate,  with  the  beam  directly  trans- 
mitted:— 

In  fig.  94,  i  e  represents  a  beam  of  light  incident  upon  the 
film,  shown  in  magnified  section  at  f  f  ;  part  of  the  light,  b  y,  is 

reflected,  and  part,  b  s  t,  trana- 
Fig.  m.     ^    ^  mitted ;  at  s,  the  second  surface 

of  the  film,  a  portion  of  the  light 
is  again  partially  reflected  to  u ;  at 
u  part  is  transmitted,  and  inter- 
feres with  the  reflected  portion,  u 
x,  of  the  beam  k  u,  wnich  falls 
upon  the  upper  surface  of  the  film 
at  the  spot  where  s  u  emerges. 
Now,  since  the  lengths  of  the  paths 
of  the  rays,  i  b  s  u,  and  x  u  differ 
by  a  fraction  of  an  undulation, 
owing  to  the  refraction  and  reflection  of  the  portion  b  s  u  within 
the  film,  interference  between  the  two  rays  is  the  result,  and 
colours  are  produced  in  the  reflected  beam ;  in  addition  to  this 
action,  a  part  u  y  w.  of  the  beam,  i  b,  is  a  second  time  reflected, 
and  passing  out  on  tne  lower  surface  of  the  film,  interferes  with 
the  portion  of  x  u,  which  is  directly  transmitted,  and  thus  the 
colours  in  the  transmitted  light  are  occasioned.  The  dotted  line, 
v  z,  represents  the  track  which  is  taken  by  the  portion  of  the  ray 
kuv,  which  undergoes  reflection  from  the  internal  lower  surface 
of  the  film. 

Double  Refraction — Polarisation. 

(11T)  Double  Refraction.— The  law  of  refraction  (101),  which 
is  true  for  water,  for  glass,  and  for  other  homogeneous  uncrystal- 
lized  media,  does  not  extend  to  all  transparent  bodies,  in  all 
transparent  crystals,  excepting  those  belonging  to  the  regular 
system,  the  refracted  ray  is  subdivided  into  two  portions,  and 
hence  such  bodies  are  said  to  possess  the  property  of  double  re- 


This  remarkable  action  upon  light  is  best  exhibited  in  the 
transparent  crystallized  variety  of  carbonate  of  calcium,  known 
as  Iceland  spar.  Place  upon  a  dot,  d,  made  upon  a  sheet  of 
white  paper,  a  rhombohedron  of  Iceland  spar,  as  a  b,  fig.  95,  and 
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Fig.  95. 


look  down  upon  the  dot  through  two  of  the  parallel  faces  of  the 
rhomb :  two  images,  0,  e,  of  the  dot  will  be  seen  instead  of  a 
single  one ;  and  if  the  crystal  be  turned 
round  upon  the  paper,  keeping  the  eye 
steadily  fixed,  one  of  the  images  will  ap- 
pear to  rotate  round  the  other,  which 
preserves  its  fixed  position.  The  line 
which  joins  the  two  images  of  the  dot  is 
under  all  circumstances,  parallel  to  the 
diagonal,  a  b,  connecting  the  two  obtuse 
angles  of  the  crystal :  around  this  line 
the  different  parts  of  the  crystal  are  sym- 
metrically arranged.  Upon  varying  the 
obliquity  of  the  incident  ray  upon  the 
surface,  it  is  found  that  the  refracted  ray 
which  was  stationary  during  the  move- 
ment of  rotation,  preserves  the  constant 
ratio  of  the  sines,  and,  as  in  ordinary  cases  of  refraction,  falls 
always  in  the  plane  of  the  incident  ray ;  whilst  in  the  other  ray 
the  ratio  of  the  sines  varies  at  different  obliquities  of  the  incident 
ray ;  and,  excepting  in  two  positions  of  the  crystal,  this  refracted 
ray  never  occurs  in  the  plane  of  incidence.  One  of  the  refracted 
rays  follows  nearly  the  usual  law  of  refraction,  and  is  hence 
termed  the  ordinary  ray ;  while  the  other  follows  a  different  law, 
and  is  called  the  ^raordiiiary  ray.  There  is  one  remarkable 
direction  in  the  crystal,  in  which  this  splitting  of  the  ray  does 
not  take  place, — a  direction  parallel  to  the  line  which  connects 
the  two  obtuse  angles  of  the  rhombohedron ;  this  line  is  called 
the  optic  axis  of  the  crystal.  To  render  this  obvious,  a  slice  of 
the  mineral  may  be  cut  in  a  direction  perpendicular  to  the  optic 
axis,  a  bx  fig.  96 :  it  will  be  found  on  looking  a*  a  minute  object 
perpendicularly  through  such  a  plate,  that  a  single  image  of  it 
only  will  hf  seen.  In  all  other  positions,  a 
double  image  will  be  visible.  The  separation  of 
the  two  images  increases  with  the  obliquity  of 
the  incident  light  to  the  optic  axis,  until  it  is  at 
right  angles  to  it,  when  it  attains  its  maximum. 
The  point  at  which  the  difference  between  the 
two  ravs  attains  its  maximum  is  selected  for  de- 
termining the  index  of  refraction  for  the  extra- 
ordinary ray.  In  the  case  of  Iceland  spar,  the  extraordinary  rav 
is  refracted  less  powerfully  than  the  ordinary  ray ;  such  crystals 
are  termed  negative  doubly  refracting  crystals.  Instances,  how- 
ever, are  not  wanting  in  which  the  extraordinary  ray  undergoes 
the  greater  refraction  of  the  two,  as  in  quartz  and  ice.  Such 
crystals  are  said  to  be  positive  or  attractive. 

Both  rays,  if  they  emerge  from  a  surface  parallel  to  the 
one  at  which  the  incident  ray  entered,  are  parallel  to^  each 
other ;  but  if  the  surface  be  inclined,  both  rays  proceed  with  in 
creasing  divergence,  each  exhibiting  the  colours  of  the  prismatic 


Fig.  90. 
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Bpectmm.  In  all  cases,  the  thicker  the  crystal  the  greater  is  the 
separation  of  the  two  images. 

(118}  Influence  of  Crystalline  Form  on  Double  Refraction. — 
Crystallized  substances  may  be  divided  into  two  classes,  accord- 
ing to  their  action  upon  light ;  and  their  optical  properties  are 
intimately  related  to  their  crystalline  form.    Thus  we  have : — 

1.  Singly  refracting  crystals : — These  all  belong  to  the  regular 
syBtem. 

2.  Doubly  refracting  crystals : — These  may  be  further  divided 
into  two  sub-classes,  a.  The  first  sub-class,  like  Iceland  spar, 
presents  only  one  optic  axis  in  which  no  double  refraction  occurs, 
and  it  includes  all  crystals  of  the  rhombohedral  and  pyramidal 
systems ;  such  crystals  are  termed  uniaxal.  b.  The  second,  of 
which  aragonite  and  nitre  are  examples,  comprises  all  crystals  of 
the  three  remaining  systems, — namely,  the)  prismatic,  the  oblique, 
and  the  douftly  oblique  systems:  they  have  two  optic  axes, 
which,  however,  do  not  coincide  with  any  of  the  crystalline  axes, 
but  occur  in  resultant  directions  between  them.  Such  crystals 
are  said  to  be  biaxal. 

In  biaxal  crystals,  both  the  doubly  refracted  rays  obey  extra* 
ordinary  laws  of  refraction. 

(119)  Polarization. — Light  that  has  been  transmitted  through 
a  doublv  refracting  prism,  has  undergone  a  remarkable  modifica- 
tion. If  received  upon  a  second  crystal  of  Iceland  spar  of  equal 
thickness,  placed  in  a  position  similar  to  that  of  the  first  (fig.  97, 
1),  both  rays  pass  through  it  unchanged,  except  that  they  are 

Fio.  97. 

^   ^  £& 

separated  further  from  each  other  in  proportion  to  the  thickness  of 
the  crystal,  but  the  extraordinary  ray  will  still  be  refracted  extra- 
ordinarily, and  the  ordinary  ray  ordinarily ;  the  principal  sections  * 
of  the  two  crystals  are  parallel.  On  causing  the  second  plate  to 
describe  a  quarter  of  a  revolution,  so  that  the  principal  sections 
shall  be  at  right  angles,  as  shown  at  2,  still  but  two  images  will 
be  seen ;  but  now,  the  ordinary  ray  is  refracted  extraordinarily, 
the  extraordinary  ray  is  refracted  ordinarily.  "When  the  second 
crystal  describes  another  quarter  of  a  revolution  as  at  3,  only  one 
image  is  visible,  the  rays  separated  by  the  first  are  reunited  by  the 

*  In  uniaxal  crystals,  &  principal  tectum  is,  in  optical  language,  a  plane  which  passes 
parallel  to  the  optic  axis,  and  perpendicular  to  any  face  of  the  crystal,  natural  or  arti- 
ficial, upon  which  the  light  is  incident.  % 
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Fig.  98. 


second ;  in  all  other  intermediate  positions,  each  ray  is  doubly 
refracted,  and  four  images  become  visible :  the  intensity  of  the 
images  taken. together  is  constant,  one  pair  fading  as  the  other 
increases  in*  brightness,  and  vice  vertd.  Each  ray,  therefore,  on 
emerging  from  a  crystal  of  calcareous  spar,  has  acquired  new 
properties ;  it  is  no  longer  subject  to  farther  subdivision  by  a 
second  crystal  when  placed  in  particular  positions.  The  rays  in 
fact  appear  to  have  acquired  sides,  and  to  have  new  relations  to 
certain  planes  within  the  crystal ;  such  rays  are  said  to  be  polar- 
ized. 

Many  crystals,  when  cut  into  plates  parallel  with  their  axis,, 
produce  a  similar  effect  upon  the  light  which  passes  through 
them ;  some  kinds  of  tourmaline  exhibit  this  phenomenon  in  a 
very  marked  manner.  Tourmaline  is  a  doubly  refracting  pris- 
matic crystal,  which  transmits  the  extraordinary  ray  alone,  and 
absorbs  the  ordinary  ray.  If  a  plate  of  this  mineral,  cut  from  a 
brown  or  green  specimen,  parallel  to  the  axis  of  the  prism,  a  a 
(fig.  98, 1),  be  placed  between  the  eye  and  the  candle,  a  consider- 
able portion  of  light  will  traverse  the  plate,  and  the  amount  of 
light  will  be  in  no  way  affected  on  turning  the  plate  round  in  its 
own  plane ;  but  if  light  which 
has  been  thus  transmitted 
through  one  plate  of  this  min- 
eral, be  allowed  to  fall  upon  a 
second  similar  plate,  it  will  trar 
verse  this  without  interruption 
only  when  the  axes  of  the  two 
plates  are  parallel  (fig.  98, 1) ; 
but  it  will  De  completely  inter- 
rupted where  the  plates  overlap, 
when  the  second  plate  is  made 
to  describe  a  quarter  of  a  rota- 
tion in  its  own  plane,  2 ;  the  axes  of  the  two  plates  are  then  at 
right  angles  to  each  other :  in  all  intermediate  positions,  light 
will  be  transmitted  with  greater  or  with  less  intensity,  according 
as  the  axes  are  more  nearly  parallel,  or  perpendicular  to  each 
other. 

If  the  two  pencils  emerging  from  a  rhomb  of  Iceland  spar  be 
examined  by  means  of  a  plate  pf  tourmaline,  it  will  be  found  that 
the  ordinary  image  is  most  intense  when  the  axis  of  the  tourma- 
line is  at  right  angles  to  the  principal  section  of  the  rhombohe- 
dron,  and  that  it  is  extinguished  when  the  axis  of  the  tourmaline 
is  parallel  to  the  principal  section,  whilst  the  opposite  results  oc- 
cur with  the  extraordinary  ray.  Both  rays  are  therefore  polar- 
ized, but  under  different  circumstances. 

(120)  Polarization  by  HefiecHan. — Polarization  may  also  be 
effected  by  means  of  reflection.  Whenever  light  is  reflected  from 
the  surface  of  a  transparent  medium,  a  certain  portion  of  such 
light  undergoes  this  remarkable  change;  and  at  a  particular 
angle,  varying  with  each  medium  according  to  its  refractive  pow- 
er, the  whole  of  the  incident  light  that  is  reflected  is  polarized. 
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This  effect  takes  place  when  the  reflected  and  the  refracted  raj 
form  a  right  angle  witb  each  other :  consequently  the  higher  the 
refracting  power  the  greater  is  the  polarizing  angle :  with  crown 
glass  this  angle  is  56  46',  with  water  53°  11',  and"  with  Iceland 
spar  58°  51'. 

When  light  which  has  been  polarized  by  any  of  these  means 
is  examined  by  a  reflecting  plate,  inclined  to  the  ray  at  the  polar- 
izing angle,  other  remarkable  properties  are  observed.  Common 
light  wiU  be  reflected  indifferently,  whether  the  reflecting  plate 
be  placed  abQve  or  below  the  ray,  to  the  right  or  to  the  left  of  it, 
though  the  inclination  of  the  plate  to  the  ray  continue  to  be  the 
same.  It  is  not  so  with  polarized  light :  suppose  a  beam  thus 
affected  to  fall  upon  any  transparent  reflector  inclined  to  the  ray 
at  the  polarizing  angle ;  if  the  light  be  completely  reflected  when 
the  mirror  is  placed  below  the  ray,  it  will  not  be  reflected  at  all 
but  be  wholly  transmitted  when  the  plate  is  placed  on  either  side, 
and  when  placed  above  it  will  again  be  wholly  reflected ;  at  in- 
termediate points  part  will  be  reflected  and  the  remainder  trans- 
mitted ;  the  proportion  which  is  reflected  is  greater  the  more 
nearly  the  plane  of  the  second  reflection  coincides  with  that  of 
the  first,  the  light  being  wholly  transmitted  when  the  two  are  at 
right  angles  to  each  other. 

These  facts  admit  of  easy  experimental  proof.  Provide  two 
tubes,  b,  o  (fig.  99),  which  are  fitted  so  as  to  allow  of  their  being 
turned  round  one  within  the  other.    Fasten  obliquely  to  the  end 

of  each  tube  a  flat  trans- 
Fig.  99.  parent  plate  of  glass,  p, 

a,  so  as  to  form  an  angle 
of  56°  46'  between  the 
line  p  0,  and  a  perpen- 
dicular to  the  point  at 
which  p  a  falls  upon  the 
surface  of  each  plate. 
The  tube  b,  with  its  at- 
tached plate  a,  can  now  be  turned  round  on  the  tube  o,  without 
altering  the  inclination  of  the  plate  to  a  ray  passing  along  the 
axis  of  the  two  tubes ;  but  the  plate  a,  according  to  its  position, 
will  reflect  the  ray  upwards  or  downwards,  to  the  right  or  to  the 
left  "We  can  therefore  alter  the  plane  in  which  the  reflection  is 
produced,  without  altering  the  angle  of  the  reflector  to  the  ray. 
If  the  light  be  common  light,  such  as  that  from  a  candle  placed 
as  at  j.  no  matter  whether  the  plate  a  be  placed  below  the  ray 
as  in  ng.  99,  or  above  it  as  in  ng.  100,  or  to  the  right  or  to  the 
left,  an  observer  placed  in  the  direction  which  the  reflected  ray, 
o,  would  follow,  would  see  the  candle  distinctly :  but  the  case 
would  be  different  if  the  candle  were  placed  as  at  i,  where  the  light 
would  be  reflected  upon  the  plate  p,  along  the  axis  of  the  tubes ; 
by  reflection  at  this  particular  angle  it  would  be  polarized.  So 
long  as  the  plate  a  retains  the  position  represented  in  fig.  99,  the 
reflected  ray  would  fall  in  the  same  plane  as  that  in  which  polar- 
ization took  place,  and  the  candle  would  be  seen  by  an  observer 
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stationed  in  the  direction  of  the  reflected  raj.  Bat  suppose  the 
tube  b  to  be  turned  slowly  round  the  ray ;  by  following  the  image 
as  the  tube  is  turned,  the  light  of  the  candle  will  be  seen  to  be- 
come gradually  fainter 

and  fainter,  until,  when  *»•  100. 

the  tube  has  been  turned 
a  quarter  of  the  way 
round,  it  will  be  almost 
invisible ;  the  plane  of 
reflection  is  now  at  right 
angles  to  that  of  polari- 
zation, and  the  light 
which  falls  upon  a  is 
almost  wholly  transmit- 
ted: on  turning  it  fur- 
ther, the  light  again  becomes  more  and  more  distinct,  till,  when 
the  tube  has  been  turned  half  round,  the  candle  is  seen  as  brightly 
as  at  first ;  the  plane  of  reflection  again  coincides  with  that  of 
polarization :  if  it  be  turned  still  further,  at  the  third  quadrant 
the  light  again  disappears,  until,  on  completing  the  revolution,  it 
is  as  distinctly  visible  as  at  first. 

The  plane*  of  incidence,  or  the  plane  of  reflection  in  which  the 
polarization  was  produced,  is  called  the  plane  of  pdariaation. 
The  original  plane  of  polarization  may  be  easily  ascertained  in 
any  ray,  by  whatever  means  it  may  have  been  polarized,  because 
it  is  always  at  right  angles  to  the  plane  in  which  extinction  oc- 
curs when  the  ray  is  examined  by  a  reflecting  glass  mirror,  in- 
clined to  the  ray  at  the  polarizing  angle.  In  this  manner  it  is 
{roved  not  only  that  the  doubly  refracted  rays  transmitted  by 
oeland  spar  are  each  polarized,  but  that  they  are  polarized  in 
planes  at  right  angles  to  each  other,  the  ordinary  ray  oeing  polar- 
ized in  the  plane  of  emergence :  in  the  case  of  tourmaline)  it  is 
found  that  the  emergent  ray  is  polarized  in  a  plane  perpendicu- 
lar to  the  axis  of  the  crystal. 

When  the  condition  of  polarization  has  once  been  impressed 
upon  a  beam  of  light,  it  continues  to  be  permanent,  whether  the 
subsequent  course  of  the  ray  be  long  or  short,  provided  it  con- 
tinue in  a  homogeneous  medium. 

(121)  Distinction  between  Common  and  Polarised  Light — 
Every  beam  of  common  light  appears  to  consist  of  a  rapid  succes- 
sion of  systems  of  waves,  each  system  undulating  in  a  determi- 
nate plane,  always  at  right  angles  to  the  direction  pursued  by  the 
ray ;  but  the  inclination  of  this  plane  in  one  system  varies  at  all 
possible  angles  with  the  plane  of  vibration  in  the  preceding  and 
succeeding  systems.  As  a  result  of  these  various  motions,  com- 
mon light  may  be  regarded  as  composed  of  two  beams  of  light 
which  are  vibrating  in  planes  at  right  angles  to  each  other.    Jro- 


polarization  consists  simply  of  the  resolution  of  the  vibrations  of 
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common  light  into  two  sets,  in  two  rectangular  directions,  and 
the  subsequent  separation  of  the  two  systems  of  waves  thus  pro 
duced'  (Lloyd,  Warn  Theory  of  Light,  ii.  29).  The  effect  of  a 
crystal  of  Iceland  spar  upon  common  light  will  be  best  under- 
stood by  considering  its  action  upon  a  beam  which  has  been  al- 
ready polarized.  When  a  beam  of  light  polarized  in  any  given 
plane  falls  upon  a  crystal  of  Iceland  spar,  it  is  split  into  two  por- 
tions, the  relative  intensity  of  which  varies  with  the  inclination 
of  the  plane  of  polarization  to  the  principal  section  of  the  crystal, 
one  beam  vanishing  altogether  when  the  other  is  at  a  maximum. 
Now  common  light  consists  of  successive  systems  of  waves,  each 
system,  during  the  minute  fraction  of  a  second  which  forms  the 
period  of  its  duration,  being  in  the  condition  of  apolarized  beam ; 
for  its  vibrations  occur  in  one  definite  plane.  Wnen  the  undula- 
tions belonging  to  one  of  these  systems  fall  upon  the  spar,  they, 
are  divided  into  two  pencils  of  unequal  intensity,  but  owing  to 
the  extremely  brief  duration  of  each  system,  the  pencils  produced 
by  several  hundred  of  these  systems  in  succession  sire  simulta- 
neously (so  far  as  the  eye  can  perceive)  thrown  upon  the  same 
spot ;  the  greater  intensity  of  the  light  produced  by  some  of  these 
systems  compensates  for  the  feebler  intensity  of  others,  and  the 
resultant  effect  is  the  production  of  two  beams  which  are  of  equal  • 
intensity  whatever  be  the  position  of  the  spar.  The  result  of  the 
analysis  is  the  same  as  that  which  would  have  been  yielded  by  a 
compound  ray,  consisting  of  two  other  rays  polarized  in  planes 
at  right  angles  to  each  other,  one  plane  coinciding  with  the  prin- 
cipal section  of  the  crystal,  and  the  other  being  at  right  angles 
to  it. 

Since  the  vibrations  of  a  polarized  ray  always  occur  in  the 
'same  plane,  we  may,  with  the  assistance  of  a  rude  illustration, 
form  some  idea  q£  the  reason  why  it  appears  to  be  possessed  of 
sides.  If  we  imagine  the  reflecting  surface  to  be  made  up  of  a 
series  of  parallel  fibres  lying  only  in  one  direction,  these  fibres 
would  allow  the  passage  of  all  the  rays  in  common  light  which 
undulate  in  a  plane  parallel  to  their  direction,  and  would  reflect 
the  rest :  whilst  polarized  light,  if  undulating  in  a  plane  parallel 
to  the  fibres,  would  be  wholly  transmitted ;  but  if  its  undula- 
tions were  in  a  plane  at  right  angles  to  the  fibres  it  would  be 
wholly  reflected. 

(122)  Polarization  by  Bundles  of  Plates. — Light  may  also  be 
polarized  at  other  angles  by  a  series  of  successive 

Tiq.  ioi.  reflections  from  several  transparent  plates;  a 

^  pile  of  glass  plates,  as  shown  at  fig.  101,  is  often 

made  use  of  for  this  purpose ;  part  of  the  light 
is  transmitted  whatever  may  be  the  angle  of  in- 
cidence :  but  the  light  polarized  bv  reflection  is 
always  equal  in  quantity  to  that  which  is  polar- 
ized by  transmission,  and  it  is  polarized  in  a 
9  plane  at  right  angles  to  it. 

(123)  Potation  of  Plane  of  Polarization  by  Analyser. — In 
all  cases  where  a  polarized  beam  is  received  on  a  reflecting  or 
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analysing  surface,  the  plane  of  reflection  of  which  does  not  coin* 
cide  with  the  plane  of  polarization,  the  plane  of  polarization  be* 
comes  changed.  The  rotation  of  the  plane  of  polarization  is  al- 
ways towards  that  of  reflection,  and  the  amount  of  this  rotation 
depends  npon  the  angle  of  incidence  which  the  ray  forms  with  the 
analysing  plate.  If  the  light  be  incident  npon  the  analysing 
plate  of  the  polarizing  angle,  the  plane  of  polarization  is  brought 
to  coincide  with  that  of  reflection :  but  the  rotation  of  the  plane 
of  polarization  is  less  in  proportion  as  the  angle  of  incidence 
differs  more  froiri  the  polarizing  angle :  a  corresponding  altera- 
tion in  the  plane  of  polarization  is  effected  by  refraction  upon  the 
transmitted  beam,  but  it  is  in  an  opposite  direction. 

(124)  Colours  of  Polarized  Light. — When  a  beam  of  polar- 
ized light  is  transmitted  in  particular  directions  through  plates 
of  doubly  refracting  bodies,  a  series  of  splendid  phenomena  are 
observed,  dependent  upon  the  production  of  colours,  which  vary 
with  the  circumstances  of  the  experiment.  The  simplest  method 
of  rendering  these  colours  visible  consists  in  adjusting  two  reflec- 
tors, so  that  the  image  polarized  by  reflection  from  the  first  may 
be  distinguished  in  the  second.  The  first  is  called  the  polarizing ^ 
the  second  the  analysing  plate.  By  introducing  a  thm  plate  of 
any  doubly  refracting  substance,  such  as  mica,  quartz,  or  selenite, 
cut  in  a  direction  parallel  to  that  of  the  optic  axis,  the  image 
suddenly  reappears  in  the  analysing  plate,  but  it  is  tinged  of  a 
particular  colour.  If  while  the  ray  falls  perpendicularly  on  the 
interposed  plate,  the  plate  be  turned  round  in  its  own  plane,  two 
positions  will  occur  in  which  the  image  completely  disappears ; 
these  positions  are  at  right  angles  to  eacn  other.  Li  one,  the  prin- 
cipal section  of  the  plate  coincides  with  the  plane  of  polarization, 
and  in  the  other  it  is  perpendicular  to  it.  The  colour  does  not 
change  during  this  rotation,  but  only  varies  in  intensity.  *  But  if 
the  crystal  remain  fixed,  and  the  analysing  plate  be  made  to  ro- 
tate, the  colour  will  pass  through  every  grade  of  the  same  tint, 
into  the  complementary  colour,  and  at  each  succeeding  quadrant 
the  hue  is  exactly  coi^lementary  to  that  which  was  exhibited  in 
the  preceding  one.  This  remarkable  phenomenon  is  most  dis- 
tinctly seen  by  substituting  a  rhombohearon  of  calcareous  spar  for 
the  analysing  plate,  so  as  to  obtain  two  images  of  the  polarized 
beam  ;  on  turning  the  spar  round,  the  two  images  will  be  seen 
tinged  of  complementary  hues  in  all  parts  of  the  revolution ;  and 
if  tne  two  images  be  allowed  to  overlap  a  little,  the  overlapping 
portions  will  in  all  positions  be  white.  By  varying  the  thickness 
of  the  interposed  crystalline  lamince,  the  tints  will  vary  according 
to  the  thickness,  anji  the  succession  of  tints  will  follow  the  same 
order  as  in  Newton's  rings,  so  that  when  the  lamince  exceed  a 
certain  thickness  the  light  is  white.  The  production  of  these 
colours  is  not  confined  to  crystallized  minerals,  but  they  are  ob- 
tainable in  a  less  degree  with  substances  of  animal  origin,  such 
as  quill,  horn,  or  membrane. 

(125)  Coloured  Rings. — If  the  plate  interposed  between  the 
polarizing  and  analysing  surface  be  cut  from  a  uniaxal  crystal  in 
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a  direction  per^endictdar  to  that  of  the  optic  axis,  the  transmitted 
ray  will  still  be  coloured,  but  the  phenomenon  is  different,  and 
still  more  beautiful.  A  series  of  coloured  rings  will  be  observed, 
intersected  by  a  cross,  which,  in  one  position  of  the  analysing 
plate,  will  be  white  (fig.  102, 1) ;  on  causing  the  analyser  to  rotate 
through  an  arc  of  90°,  the  white  cross  will  be  succeeded  by  a 
black  one  (fig.  102,  2),  and  the  rings  of  colours  will  exhibit  tints 

Fie.  102. 


complementary  to  those  before  observed ;  at  the  next  quadrant 
the  colours  of  the  first  reappear,  whilst  at  the  succeeding  quad- 
rant they  are  again  complementary.  Rotation  of  the  crystal  on 
its  own  axis  produces  no  change  in  the  tints  or  in  the  position  of 
the  cross. 

The  general  explanation  of  these  facts  is  not  difficult : — 

If  p  p  (fig.  103)  be 
Fio.  108.  a  section  of  the  inter- 

posed plate,  i  the  diver- 
ging polarized  beam,  t 
t  the  tourmaline,  u  v 
w  a  section  of  the 
screen  on  which  the 
image  is  received,  it  is 
obvious  that  the  rays, 
i  v,  which  traverse  the 
plate  p  p,  parallel  to 
the  optic  axis,  will  suffer  no  change ;  but  all  the  lateral  rays,  i  u, 
i  w,  which  fall  upon  p  p  more  or  less  obliquely,  according  to  their 
distance  from  the  line  i  v,  will  be  doubly  refracted  in  opposite 
planes ;  one  of  each  of  these  doubly  refracted  rays  will  thus  be  re- 
tarded upon  the  other,  and  as  soon  as  the  two  rays  are  brought 
into  the  same  plane  by  the  action  of  the  analysing  tourmaline, 
they  interfere,  and  give  rise  to  the  brilliant  colours  which  are 
observed.  The  formation  of  the  cross  is  occasioned  by  the  ab- 
sence of  any  change  in  the  plane  of  polarization  of  tnose  rays 
which  traverse  the  principal  section  of  the  crystal  which  either 
coincides  with  the  plane  of  polarization,  or  is  perpendicular  to  it ; 
these  rays,  consequently,  do  not  interfere  when  analysed  by  the 
tourmaline.    The  arms  of  the  cross  are  alternately  white  or  lilack, 
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according  as  the  axis  of  the  tourmaline  is  parallel  to  the  original 
plane  of  polarization,  or  is  at  right  angles  to  it. 

With  biaxal  crystals,  such  as  aragonite,  carbonate  of  lead, 
nitre,  and  borax,  the  phenomena  are  even  more  beautiful,  a 
double  system  of  rings  being  formed,  in  which  the  curves  are  of 
a  different  order,  owing  to  the  more  complicated  phenomena  re- 
sulting from  the  mutual  action  of  the  optic  axis ;  the  surface  of 
the  section  being  oblique  to  both  these  axes :  the  greater  the 
angle  formed  with  each  other  by  the  axes,  the  further  will  the 
rings  be  asunder.    The  two  axes  are  inclined  to  each  other  in 

Fig.  104. 


nitre  at  an  angle  of  5°  20' ;  in  aragonite  at  an  angle  of  18°  18' ; 
in  borax  at  an  angle  of  39°  ;  and  in  topaz  the  angle  is  between 
49°  and  50°  :  the  position  of  the  intersecting  cross  varies  when 
the  crystalline  plate  is  made  to  rotate ;  and  the  colours  become 
complementary  when  the  analyser  is  turned  round.  The  general 
outline  of  these  figures  is  represented  in 'fig.  104.  • 

A  peculiarly  interesting  connexion  has  been  established  be- 
tween these  phenomena  and  the  state  of  molecular  tension  in  the 
solid,  by  the  discovery  that  these  appearances  may  at  will  be 
produced  in  uncrystallized  media,  such  as  glass,  or  in  regular 
crystals,  whenever  homogeneity  is  interfered  with  in  regular  pro- 
gression. This  fact  is  rendered  eyident  by  the  application  of 
pressure,  laterally,  to  a  strip  of  glass  which  previously  exerted  no 
doubly  refractive  influence.  The  parts  compressed  acquire  a 
negative  double  refraction  ;  and  they  are  separated  by  a  neutral 
line  when  the  particles  of  the  solid  retain  their  normal  condition, 
from  those  on  the  opposite  edge,  which  have  become  dilated,  and 
show  positive  double  refraction.  This  want  of  homogeneity  exists 
permanently  in  glass  which  has  been  imperfectly  annealed ;  and 
according  to  the  form  given  to  it  by  grinding,  it  is  possible  to 
alter  the  tension  of  the 

particles  in  different  di-  Fig.  ios. 

rections,  and  produce  the 
phenomena  of  uniaxal  or 
of  biaxal  crystals :  thus 
a  square  or  a  circular 
plate  belongs  to  the  uni- 
axal system  (as  shown  in 
fig.  105),  while  an  elliptic 

5)late  occasions  rings  re- 
ferable to  the  biaxal  form 
12 
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(126)  Coloured  Circular  Polarisation.— There  are,  however, 
cases  in  which  the  plane  of  polarization  of  the  ray  is  continually 
changing  during  its  entire  progress  through  the  -medium  em* 
ployed  to  produce  the  coloration ;  in  some  substances  the  plane 
of  polarization  revolves  from  left  to  right  (like  the  hands  of  a 
clock) ;  in  others  from  right  to  left.  Bock  crystal  was  the 
substance  in  which  this  effect  was  first  observed.  If  a  polarized 
ray  be  transmitted  through  a  plate  of  rock  crystal  cut  in  a  direc- 
tion perpendicular  to  that  of  the  axis  of  the  prism,  the  plane  of 
polarization  undergoes  rotation  in  a  degree  proportioned  to  the 
thickness  of  the  plate.  The  amount  of  this  rotation  differs  for 
each  colour,  and  increases  according  to  the  increase  of  the 
refrangibility  of  the  ray.  If  the  incident  light  be  white,  the 
emerging  light,  when  examined  by  an  analysing  plate,  is  there- 
fore seen  to  do  coloured.  The  central  portion  only  of  tne  pencil 
of  light  (which  traverses  the  plate  vertically,  parallel  to  its  optic 
axis)  exhibits  these  phenomena ;  at  oblique  incidences,  the  usual 
law  of  interference  prevails,  and  coloured  rings  are  formed.  Cer- 
tain crystals  of  quartz  produce  left-handed,  certain  other  crystals 
of  it,  right-handed  polarization.  In  right-handed  quartz  the  ceh- 
tral  colours  ascend  in  the  scale,  when  the  analyser  is  turned  in 
the  direction  of  the  hands  of  a  watch,  the  succession  being  red, 
orange,  yellow,  green,  &c,  and  the  rings  appear  to  expand  with 
the  revolution  of  the  analyser.  When  nomogeneous  light  is  em- 
ployed, each  colour  disappears  at  a  particular  angle  of  the  anal- 
yser. In  crystals  of  quartz  of  a  different  hemihedral  form,  or  in 
which  the  secondary  planes  of  the  crystal  are  arranged  differently 
from  those  of  the  left-handed  variety,  the  same  phenomena  oc- 
cur, but  in  the  opposite  direction.  Chlorate  of  sodium,  which 
crystallizes  in  fonns  belonging  to  the  regular  system,  yields  hemi- 
hedral crystals,  and  exhibits  a  power  of  rotation  over  the  polarized 
ray  analogous  to  that  of  quartz ;  the  rotation  being  right-handed 
or  left-handed,  according  as  the  crystal  is  hemihedral  to  the  right 
or  to  the  left. 

There  are  also  some  liquids  which  produce  circular  polariza- 
tion of  a  similar  kind.  Solution  of  sugar-candy,  for  example, 
S'ves  a  right-handed  rotation ;  oil  of  lemons  does  so  likewise, 
srtain  varieties  of  oil  of  turpentine  produce  a  left-handed  rota- 
tion. In  all  these  cases  the  degree  of  the  rotation  effected  by 
liquids  is  much  less  than  that  produced  by  quartz ;  and,  conse- 
quently, the  light  must  traverse  a  much  greater  depth  of  the 
liquid  to  exhibit  the  effect.  Oil  of  turpentine  has  a  power  not 
exceding  ,'T  of  that  of  quartz.  Dilution  with  an  inactive  liquid 
does  not  destroy  or  even  weaken  the  power,  provided  that  the 
depth  of  the  column  be  increased  in  proportion  to  the  extent  of 
the  dilution.  A  mixture  of  two  substances  acting  oppositely  pro- 
duces a  result  exactly  equal  to  the  difference  between  the  two. 

Biot,  who  discovered  the  phenomenon  of  circular  polarization, 
has  applied  it  to  chemical  purposes.  It  may  be  used,  for  exam- 
ple, to  ascertain  the  purity  of  syrups ;  crystallizable  cane-sugar 
causes  a  right-handed  rotation,  while  the  molasses,  or  uncrystal- 
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Usable  syrup,  produces  a  rotation  of  the  ray  to  the  left.  The 
observation  is,  however,  too  delicate  to  admit  of  practical  appli- 
cation to  the  purposes  of  the  refiner.  In  order  to  measure  the 
extent  Of  the  rotation,  the  solution  for  trial  is  placed  in  a  long 
glass  tube  shown  at  o  o  (fig.  106),  closed  at  the  two  ends  by  flat 
plates  of  glass.  This  tube  is  placed  within  a  metallic  tube,  r  *, 
for  the  purpose  of  excluding  stray  light.  A  beam  of  homogene- 
ous light,  obtained  by  transmission  through  red  glass,  is  polarized 
by  reflection  from  tne  mirror  a  b.  A  JSTicol's  prism,*  or  other 
polarizing  eye-piece,  w,  is  so  mounted  as  to  admit  of  rotation 

Ro.  106.  ' 


around  the  line  d  i  f  this  eye-piece  is  provided  with  a  vernier  m, 
which  traverses  a  circle,^? y,  divided  to  degree*,  for  thepurpose 
of  measuring  the  angular  rotation  of  the  eye-piece.  The  eye- 
piece is  then  so  adjusted,  that  when  the  polarized  beam  becomes 
no  longer  visible,  the  vernier  stands  at  0°.  Now,  if  the  tube,  o  o} 
full  of  solution,  be  placed  on  the  supports,  a,  b,  so  that  it  shall  be 
traversed  by  the  reflected  ray,  i  dy  light  becomes  visible  to  the 
observer  at  n,  but  on  causing  the  eye-piece  to  rotate  to  the  right 
or  to  the  left  (according  to  the  nature  of  the  solution),  the  image 
again  disappears ;  the  amount  of  the  movement  to  the  right  or 
to  the  left  expresses  the  amount  of  rotatory  power  exerted  by  the 
liquid  under  the  circumstances. 

An  experienced  observer  usually  substitutes  the  white  light 

*  The  Wool's  prism  affords  a  convenient  means  of  obtaining  a  polarized  beam  de- 
pending upon  the  principle  of  total  reflection  (102).  It  is  prepared  in  the  following 
manner :  A  long  rhomboidal  prism  of  Iceland  spar,  the  base  of  which  is  equal  to  one- 
third  of  its  length,  is  divided  in  half  by  a  plane  perpendicular  to  the  plane  of  the  longer 
diagonal  of  the  base ;  the  line  of  section  passing  through  the  opposite  obtuse  solid  angles 
of  the  prism,  so  as  to  divide  it  obliquely  into  two  equal  portions :  the  two  halves  of  the 
prism  are  then  reunited  by  means  of  Canada  balsam.  When  light  is  transmitted  through 
the  prism  parallel  to  its  length,  the  incident  light  falls  very  obliquely  upon  the  layer  of 
Canada  balsam ;  and,  as  the  balsam  has  a  smaller  refractive  index  than  the  ordinary 
ray,  this  ray  experiences  total  reflection,  whilst  the  extraordinary  ray  alone  is  transmit- 
ted, because,  the  refractive  index  of  the  balsam  being  greater  than  that  of  the  extraor- 
dinary ray,  total  reflection  does  not  occur  in  its  case. 
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of  day  for  that  of  the  red  glass.  In  this  case  the  rotatory  power 
is  measured  from  a  particular  violet  tint,  the  teinte  de  passage  of 
French  writers,  which,  from  the  suddenness  with  which  Dy  a 
slight  rotation  it  passes  into  red  on  the  one  side,  or  into  blue  on 
the  other,  is  the  most  favourable  for  accurate  observation.  The 
tube,  with  its  liquid  contents,  is  interposed  between  the  polar- 
izing mirror  ana  the  eve-piece,  previously  adjusted  to  zero,  and 
the  rotation  is  estimated  by  the  angular  motion  necessary  to  pro- 
duce the  violet  tint.* 

It  is  remarkable  that  the  vapours  of  oil  of  turpentine  and  of 
some  other  liquids  which  exhibit  the  power  of  circular  polariza- 
tion, display  the  phenomenon  when  seen  through  very  long  tubes, 
though  more  feebly  than  the  liquids  themselves. 

(127)  Magnetic  Polarization. — Faraday  has  discovered  a  new 
modification  of  coloured  circular  polarization,  which  homogeneous 
transparent  solids  and  liquids  exert  upon  light  with  various  de- 
grees of  intensity,  when  subjected  to  magnetic  power  of  very 
exalted  degree.  Some  of  these  singular  results  will  be  more  par- 
ticularly described  at  a  future  point  (322). 

The  study  of  the  chemical  effects  of  light  will  be  postponed 
until  after  the  chemical  properties  of  the  elementary  bodies  have 
been  described. 


CHAPTER  V. 


HEAT. 


§  I.  Expamsion. — Measurement  of  Temperature — §  II.  Means 
of  maintaining  Equilibrium  of  Temperature. — §  HI.  Speci- 
fic Heat,  Latent  Meat — §  IV.  Heat  of  Combination. 

(128)  General  Effects  of  Heat — "Upon  the  due  understanding 
of  the  principles  and  applications  of  heat,  much  of  the  successful 
prosecution  of  chemical  research  depends.  There  is  scarcely  a 
chemical  operation  in  which  heat  is  not  either  emitted,  absorbed, 
or  purposely  applied  to  produce  the  required  result.  Heat  in  one 
mode  of  its  manifestation  presents  the  closest  analogy  with  light, 
which  it  very  generally  accompanies.  In  this  condition  it  is 
known  as  racuant  heat ;  and  it  is  in  this  form  that  the  main  sup- 
ply of  heat  is  transmitted  from  the  sun  to  the  surface  of  the 
earth. 

It  is,  however,  after  heat  has  fallen  upon  the  surface  of  an 
object  and  has  become  absorbed,  that  its  most  important  effects 
are  manifested.  It  is  only  then  that  the  sensation  of  warmth  is 
experienced  ;  then  it  is  that  expansion  takes  place  in  the  heated 
body  ;  and  it  is  then  only  that  the  phenomena  of  liquefaction  or 

*  Full  details  of  the  most  approred  method  of  conducting  the  operation  are  siren  by 
Clerget,  Ann.  de  Chimie.  UL  xxvi.  175. 
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of  evaporation  may  ensue.  Heat  may  also,  after  its  absorption, 
be  again  transmitted  from  the  heated  body  by  secondary  radia- 
tion to  other  objects  around,  or  it  can  be  propagated  more  slowly 
by  conduction  irom  particle  to  particle  through  the  mass. 

Other  most  important  effects  of  heat  are  seen  in  the  change 
of  state  in  bodies  from  the  solid  to  the  liquid  and  from  the  liquid 
to  the  gaseous  condition.  Whenever  a  solid  becomes  liquid,  or  a 
liquid  becomes  converted  into  vapour,  the  change  is  attended  with 
the  disappearance  of  a  quantity  of  heat,  which  is  perfectly  defi- 
nite ;  for  instance,  a  pound  of  ice  in  undergoing  liquefaction  al- 
ways acquires  a  uniform  quantity  of  heat  to  produce  this  effect ; 
the  water  obtained  appears  to  be  no  warmer  than  the  ice ;  but 
the  heat,  though  it  for  a  time  ceases  to  affect  the  senses,  is  not 
lost,  for  it  reappears  when  the  water  passes  back  into  the  state 
of  ice.  The  heat  which  disappears  in  liquefaction  is  said  to  have 
become  latent ;  and  it  again  becfomes  sensible  as  the  solid  condi- 
tion is  resumed.  Finally,  it  is  found  that  the  amount  of  heat  pro- 
duced by  the  chemical  actions  of  definite  amounts  of  matter  upon 
each  other  is  definite,  whether  the  chemical  action  occur  rapidly 
or  slowly. 

In  considering  the  relations  of  heat,  the  subject  may  therefore 
naturally  be  subdivided  into  four  sections : — 

The  first  of  these  embraces  the  phenomena  of  expansion,  and 
their  application  to  the  measurement  of  temperature,  including 
the  principle  of  the  thermometer  and  the  pyrometer :  the  second 
refers  to  the  modes  in  which  the  equilibrium  of  temperature  is 
sustained  or  restored — viz.,  by  conduction^  by  convection,  and  by 
radiation :  the  third  relates  to  heat  of  fluidity  and  vaporization, 
including  the  processes  of  congelation  and  liquefaction,  and  those 
of  ebullition  and  evaporation,  as  well  as  the  phenomena  of  specific 
heat:  whilst  the  fourth  embraces  heat  of  combination,  or  the 
quantitative  estimation  of  the  heat  evolved  by  chemical  action. 

Before  passing  to  the  immediate  consideration  of  these  sub- 
jects, it  will  be  advantageous  to  review  briefly  the  principal 
means  at  our  command  for  procuring  a  supply  of  heat  by  artificial 
means. 

(129)  Source  of  Heat — 1.  The  sun  obviously  affords  the  main 
supply  of  warmth  to  the  globe.  It  may  furnish  some  aid  towards 
a  conception  of  the  enormous  amount  of  heat  continually  emana- 
ting from  the  sun,  when  we  state  that,  calculating  from  the  mean 
distance  of  the  earth  from  the  sun,  and  from  the  area  which  the 
earth  exposes  to  the  solar  ray,  the  quantity  of  heat  which  reaches 
the  earth  is  not  at  am*  given  moment  more  than  the  two  thousand 
three  hundred  and  eighty  millionth  part  of  that  emanating  from 
the  sun. 

2.  There  are,  however,  many  other  sources  whence  heat  may 
be  procured.  Friction  is  one  of  them.  It  is  remarkable  that  the 
supply  of  heat  from  this  source  is  apparently  unlimited.  Some 
savage  nations  employ  the  friction  of  two  pieces  of  dry  wood  as  a 
means  of  obtaining  fire ;  and  it  is  known  among  ourselves  that 
the  axles  of  wheels  and  other  parts  of  machinery  exposed  to  rapid 
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motion  combined  with  pressure,  are  liable  to  become  so  mnch 
heated,  as  to  char  or  ignite  the  woodwork  in  their  immediate 
vicinity. 

In  order  to  obtain  some  idea  of  the  amount  of  heat  produced 
by  friction,  the  following  experiments  were  instituted  by  Eum- 
ford  (Phil.  Trams.)  1798,  p.  80) :— A  brass  cannon,  weighing  113 
lbs.,  was  made  to  revolve  horizontally  with  a  pressure  of  about 
10,000  lbs.  against  a  blunt  steel  borer,  at  the  rate  of  32  revolu- 
tions per  minute ;  in  half  an  hoar  the  temperature  of  the  metal 
had  risen  from  60°  to  130°  ;  this  heat  would  have  been  sufficient 
to  have  raised  5  lbs.  of  water  from  32°  to  212°.  The  experiment 
was  subsequently  varied  by  placing  the  cannon  in  a  vessel  of 
water,  and  friction  was  again  applied ;  in  this  case,  18}  lbs.  of 
water  at  60°  were  actually  made  to  boil  in  two  hours  and  a  half. 
The  heat  thus  obtained  was  calculated  by  Eumford  to  be  some- 
what greater  than  that  given  out  during  the  same  period  by  the 
burning  of  nine  wax  candles  each  f  inch  in  diameter. 

One  of  the  most  remarkable  proofs  of  the  extrication  of  heat 
by  friction  was  afforded  in  an  experiment  by  Davy,  in  which  two 
pieces  of  ice,  made  to  rub  against  each  other  in  vacuo,  at  a  tem- 
perature below  32°,  were  melted  by  the  heat  developed  at  the  sur- 
faces of  contact. 

The  experiments  of  Joule  (Phil.  Trans.,  1850,  p.  61)  appear 
to  show  that  the  actual  quantity  of  heat  developed  t>y  friction  is 
dependent  simply  upon  the  amount  of  force  expended,  without  re- 
gard to  the  nature  of  the  substances  rubbed  together.  He  found, 
as  a  mean  of  forty  closely  concordant  experiments,  that  when 
water  was  agitated  bv  moans  of  a  horizontal  brass  paddle-wheel, 
made  to  revolve  by  tne  descent  of  a  known  weight,  the  tempera- 
ture of  1  lb.  of  water  was  raised  1°  F.  by  the  expenditure  of  an- 
amount  of  force  sufficient  to  raise  772  lbs.  to  the  height  of  one 
foot.  When  cast-iron  was  rubbed  against  iron,  the  force  required 
to  raise  1  lb.  of  water  1°  F.  was  found,  as  a  mean  of  twenty  ex- 
periments, to  be  about  775  lbs.,  and  by  the  agitation  of  mercury 
by  means  of  an  iron  paddle-wheel  it  was  found  to  be  774  lbs. 

The  conclusion  drawn  from  these  experiments  was — that  the 
quantity  of  heat  capable  of  raising  the  temperature  of  1  lb.  of 
water  (between  55°  and  60°)  by  1  F.  requires  for  its  evolution 
the  expenditure  of  a  mechanical  force  adequate  to  lift  772  lbs.  1 
foot* 

3.  Perous$ion}  which  is  a  combination^  of  friction  and  com- 
pression, is  a  method  of  eliciting  heat  which  is  frequently  prac- 
tised, as  is  seen  in  the  use  of  the  common  steel  and  flint,  where 
the  compression  extricates  heat  enough  to  set  fire  to  the  detached 
portions  of  steel.  In  firing  iron  shot  against  an  iron  target,  as  in 
the  artillery  trials  at  Shoeburyness,  a  sheet  of  flame  is  commonly 
Been  at  the  moment  of  the  'collision,  owing  to  the  arrest  of 

*  This  may  be  expressed  in  terms  of  the  French  metrical  system  as  follows : — A  unit 
of  hsat,  or  the  heat  capable  of  raising  1  gramme  of  water  1°  C,  is  equivalent  to  a  force 
which  would  lift  428*50  grammes  through  a  height  of  1  metre. 

The  apparatus  employed  in  the  determination  of  the  amount  of  heat  given  out  during 
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motion  in  the  projectile,  and  its  manifestation  in  the  form  of 
heat.  Mr.  Whitworth  has  indeed  employed  iron  shells  which 
are  exploded  simply  by  the  heat  developed  by  the  concussion  on 
striking  the  surface  ot  the  iron  target.  It  is  a  practice  not  un- 
common among  blacksmiths,  to  show  their  agility  and  dexterity 

the  friction  of  water  consisted  of  a  brass  paddle-wheel  furnished  with  eight  sets  of  vanes, 
revolving  between  four  sets  of  stationary  vanes.  Fig.  107,  No.  1  shows  a  vertical  seo 
tion  of  the  paddle,  and  No.  2  a  transverse  section  of  the  vessel  and  pad* 
die.  This  paddle  was  fitted  securely  into  a  copper  vessel,  o,  fig.  108, 
provided  with  a  lid  in  which  were  two  apertures,  one  allowing  the  pas- 
sage of  the  axis  without  actual  contact  with  it,  the  other,  t,  for  the  in- 
sertion of  a  thermometer  graduated  to  hundredths  of  a  degree  F.  A 
weighed  quantity  of  water  was  introduced  into  the  vessel,  or  calorimeter, 
o,  and  its  temperature  ascertained  with  minute  precision.  The  amount 
of  heat  produced  was  ascertained  by  again  observing  the  temperature 
of  the  water  in  c,  with  the  same  precision,  at  the  close  of  each  experi- 
ment In  order  to  prevent  loss  of  heat  by  conduction,  the  vessel  was 
supported  upon  a  wooden  stool,  and  connected  by  a  piece  of  boxwood, 
ft,  with  the  apparatus  for  producing  rotation.  Motion  was  given  to  the 
axis  by  the  descent  of  two  leaden  weights,  one  of  which  is  shown  at  w, 
fig.  108.  These  Weights  were  suspended  by  strings  over  two  wooden 
pulleys,  one  of  which  is  shown  at  />,  resting  on  friction  rollers,  ff,  and 
the  pulleys  were  connected  by  fine  twine  with  the  roller  r,  which,  by 
means  of  a  pin,  could  be  readily  connected  with,  or  detached  from, 
the  calorimeter,  c.  The  descent  of  the  weights  was  measured  on  the 
scale,  8. 

A  similar,  but  smaller  apparatus,  made  of  iron  instead  of  brass,  with  . 
six  rotatory  and  eight  stationary  vanes,  was  used  for  measuring  the 
heat  produced  by  the  friction  of  mercury.  The  apparatus  for  measur- 
ing the  heat  produced  by  the  friction  of  solids,  consisted  of  a  vertical 
axis  carrying  a  bevelled  cast-iron  wheel,  against  which  a  stationary  bev- 
elled wheel  was  pressed  by  a  lever:  the  wheels  were  enclosed  in  a 
east-iron  vessel  filled  with  mercury. 

9  Fig.  108. 


The  rise  of  temperature  in  each  experiment  amounted  in  the  ease  of  water  to  about 
0-568  F.  In  the  case  of  mercury,  the  mean  rise  during  each  experiment  in  one  series 
was  2°*41,  and  in  case  of  cast-iron  it  was  4°-8. 
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by  hammering  a  piece  of  cold  iron  on  the  anvil  until  it  becomes 
red-hot  from  the  heat  extricated  by  compression.  It  is,  however, 
remarkable  that  iron  once  treated  in  mis  way  cannot  again  be 
made  red-hot  by  hammering  unless  it  has  been  subsequently 
heated  in  the  forge.  Many  other  similar  instanced  might  be 
adduced ;  in  the  rolling  of  brass  and  of  copper,  for  example,  the 
bars,  as  they  issue  from  the  rollers,  between  which  they  have 
been  subjected  to  enormous  pressure,  become  much  heated, 
although  they  were  quite  cold  when  they  entered  the  rolling 
mill. 

4.  Another  source  usually  resorted  to  for  procuring  heat  arti- 
ficially is  chemical  action.  Whenever  this  occurs  with  high 
intensity,  heat  is  evolved,  and  it  is  very  generally  accompanied 
by  extrication  of  light,  of  which  a  common  fire  affords  the  best 
practical  illustration.  The  chemical  actions  which  are  constantly 
going  on  in  living  animals  are  also  never-ceasing  sources  of  a 
regulated  emission  of  heat,  and  they  differ  only  from  those  of  the 
furnace  in  the  more  moderate  and  subdued  amount  of  heat  emit- 
ted in  a  given  time  and  in  a  given  space.  The  quantity  of  heat 
emitted  by  the  combination  of  definite  weights  of  the  bodies 
which  unite  is  perfectly  definite  in  amount.     (199  et  seq.) 

5.  Accumulated  electricity  is  another  source  of  intense  heat. 

6.  In  addition  to  the  above  mentioned  sources  of  heat,  Pouil- 
let  (Ann.  de  Chimie,  II.  xx.  141)  has  shown  that  the  simple  act 
of  moistening  any  dry  substance  is  attended  with  slight  vet  con- 
stant disengagement  of  heat.  With  bodies  of  mineral  origin, 
when  reduced  to  a  fine  powder  with  a  view  of  increasing  the 
extent  of  surface,  the  rise  of  temperature  does  not  exceed  from 
half  a  degree  to  2°  F. ;  but  with  some  vegetable  and  animal  sub- 
stances, 6uch  as  cotton,  thread,  hair,  wool,  ivory,  and  well-dried 
paper,  a  rise  of  temperature  varying  from  2°  to  even  10°  or  11° 
IT.  nas  been  observed. 

T.  Besides  these  sources  of  heat  there  can  be  no  doubt  of  the 
existence  of  a  nucleus  of  intensely  heated  matter  within  the  body 
of  the  earth  itself,  although  it  has  no  sensible  effect  upon  the 
superficial  temperature  of  the  globe.  If  a  thermometer  be  buried 
30  or  40  feet  beneath  the  surface,  it  is  found  to  undergo  no  change 
with  the  alternations  of  the  seasons,  but  on  proceeding  to  greater 
depths  the  thermometer  is  found  to  rise  progressively,  though 
not  quite  uniformly  at  all  places.  If  it  be  assumed  that  on  the 
average  this  increase  of  temperature  is  1°  F.  for  every  50  feet  of 
descent,*  and  if  this  rate  of  progression  be  continued  uniformly 
as  the  depth  increases,  it  would  be  at  the  rate  of  100°  per  mile ; 
so  that  at  a  depth  of  a  mile  and  a  half  the  temperature  would  be 
as  high  as  that  of  boiling  water,  and  at  the  depth  of  40  miles,  a 
temperature  of  4000°  F.  would  be  attained,  considerably  beyond 

*  Cordier  considers  1°  in  45  feet  not  too  high  an  estimate.  The  increase  of  temper- 
ature in  six  of  the  deepest  mines  of  Northumberland  and  Durham  is  1°  F.  for  44  feet ; 
in  the  Saxon  argentiferous  lead  mines,  it  was  found  to  be  1  in  60  feet,  and  the  same  in- 
crease of  temperature  was  observed  in  boring  the  well  of  Grenelle  at  Paris. — (LyeU 
Frme.  QeoL  7th  ed.  p.  614.) 
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the  melting  point  of  cast  iron  or  even  of  platinum.  The  existence 
of  this  central  heat,  which  rises  to  a  degree  sufficiently  high  to 
fuse  the  rocky  constituents  of  the  earth's  crust,  is  abundantly 
manifested  in  the  torrents  of  melted  lava  which  are  from'  time  to 
time  poured  forth  in  volcanic  eruptions  j  and  the  occurrence  of 
rocks  at  great  depths,  which  bear  evident  marks  of  igneous 
action,  attests  the  nigh  temperature  of  the  interior  of  the  earth. 
This  central  heat  is  prevented  from  reaching  the  surface  by  the 
low  conducting  power  of  the  envelope  composing  the  strata  upon 
the  surface 

(130)  Nature  of  Heat— Mechanical  Theory  of  Heat.— Two 
principal  views  of  the  nature  of  heat  have  been  entertained  since 
experimental  science  has  been  actively  cultivated.  One  of  these 
views  which  is  supported  chiefly  by  the  phenomena  of  latent  heat 
and  chemical  combination,  regards  heat  as  an  extremely  subtle 
material  agent,  the  particle  ofwhich  are  endowed  with  high  self- 
repulsion,  are  attracted  by  matter,  but  are  not  influenced  by 
gravity.  On  the  other  theory  heat  is  supposed  to  be  the  result  of 
molecular  motions  or  vibrations. 

The  latter  view  was  powerfully  advocated  by  Count  Rumford 
and  by  Davy,  who,  in  the  early  part  of  the  present  century,  insti- 
tuted an  important  series  of  experiments  upon  the  production  of  heat 
by  friction.  Many  philosophers  were  subsequently  induced  to  adopt 
the  theory  of  the  vibratory  nature  of  heat  as  maintained  by  these 
eminent  men.  The  opinions  of  Davy  upon  this  subject  are  thus 
stated  by  him  in  his  treatise  on  Chemical  Philosophy,  p.  95 : 
"  It  seems  possible  to  account  for  all  the  phenomena  of  heat  if  it 
be  supposed  that  in  solids  the  particles  are  in  a  constant  state  of 
vibratory  motion,  the  particles  of  the  hottest  bodies  moving  with 
the  greatest  velocity,  and  through  the  greatest  space;  that  in 
fluids  and  elastic  fluids,  besides  the  vibratory  motion,  which  must 
be  conceived  greatest  in  the  last,  the  particles  have  a  motion 
round  their  own  axes,  with  different  velocities,  the  particles  of 
elastic  fluids  moving  with  the  greatest  quickness ;  and  that  in 
ethereal  substances  the  particles  move  round  their  own  axes,  and 
separate  from  each  other,  penetrating  in  right  lines  through  space. 
Temperature  majr  be  conceived  to  depend  upon  the  velocities  of 
the  vibrations ;  increase  of  capacity,  on  the  motion  being  per- 
formed in  greater  space,  ana  the  diminution  of  temperature 
during  the  conversion  of  solids  into  fluids  or  gases,  may  be  ex- 
plained on  the  idea  of  the  loss  of  vibratory  motion,  in  conse- 
quence of  the  revolution  of  particles  round  their  axes,. at  the 
moment  when  the  body  becomes  fluid  or  aeriform,  or  from  the 
loss  of  rapidity  of  vibration  in  consequence  of  the  motion  of  the 
particles  through  greater  space." 

The  experiments  of  Joule  on  the  definite  amount  of  heat 
developed  by  friction  {Phil.  Trans.,  1850)  have  recalled  the 
attention  of  philosophers  to  these  views ;  and  the  mathematical 
theory  of  heat  propounded  by  Carnot,  in  accordance  with  them, 
has  undergone  recent  revision,  particularly  by  Clausius,  Rankine, 
and  W.  Thomson,  in  consequence  of  which  the  hypothesis  in- 
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volved  in  the  term  the  mechanical  theory  of  heat  has  been  favour- 
ably received.  Upon  this  view,  although  the  ideas  of  Davy 
quoted  above  have  been  adopted  with  extensions  and  modifications 
bv  some  writers,  it  is  not  necessary  to  assume  the  particular  kind 
or  motion  in  the  interior  of  bodies  which  may  be  conceived  to  be 
the  cause  of  the  peculiar  phenomena  of  heat,  but  only  to  suppose 
that  a  motion  of  the  particles  exists,  and  that  the  heat  is  a  meas- 
ure of  the  vis  viva  of  this  motion.  The  important  principle  of 
the  theory  is  this : — In  ail  cases  where  mechanical  Effect  %s  pro- 
duced by  heat,  a  quantity  of  heat  is  used  unproportional  to  the 
mechanical  effect  produced:  and,  conversely,  the  same  quantiiy 
of  heat  can  be  ogam  generated  by  the  expenditure  of  just  so  much 
mechanical  effect. 

There  can  be  no  doubt  that  this  theory  will  bear  important, 
fruit,  from  the  new  lines  of  research  which  it  suggests ;  but  at 
present  its  postulates  rest  on  grounds  by  no  means  obvious,  and 
it  is  too  speculative  to  render  its  further  prosecution  at  this  point 
advisable.  Tyndall,  in  his  recent  work  on  Seat  considered  as  a 
Mode  of  Motion,  has  applied  the  mechanical  theory  of  heat  to 
the  explanation  of  its  various  phenomena  with  great  ingenuity 
and  clearness.  The  chemical  considerations  which  are  indeed  the 
most  difficult  to  reconcile  with  this  theory  are,  however,  only 
incidentally  touched  upon  by  him. 

§  L  Expansion — measurement  of  temperature. 

(181)  Difference  between  Seat  and  Temperature. — The  effect 
of  a  hot  or  of  a  cold  substance  upon  our  sensations  enables  us  to 
distinguish  the  one  from  the  other ;  but  the  impression  thus  pro- 
duced is  only  comparative,  and  affords  no  exact  criterion  of  the 
amount  of  neat,  tne  sensation  produced  being  referable  to  the 
temperature  of  that  part  of  the  body  to  which  the  substance  is 
applied  at  the  particular  moment.  Heat  and  cold  are,  in  fact, 
merely  relative  terms;  cold  implying  not  a  negative  quality 
antagonistic  to  heat,  but  simply  the  absence  of  heat  in  a  greater 
or  less  degree.  It  is  singular  that  intense  cold  produces  the  same 
sensation  as  intense  heat,  and  a  freezing  mixture,  as  well  as  boil- 
ing water,  will  blister  the  part  to  which  it  is  applied. 

Heat  produces  no  alteration  in  the  weights  of  bodies ;  conse- 
quently tne  balance  cannot  be  employed  as  a  measure  of  its 
amount.  All  bodies,  however,  when  heated,  acquire  an  increase 
in  bulk,  and  return  to  their  original  dimensions  in  cooling,  and 
the  measure  of  the  amount  of  expansion  is  universally  employed 
as  the  measure  of  temperature. 

It  is  necessary  to  draw  a  distinction  between  the  terms  heat 
and  temperature,  which  are  applied  to  indicate  very  different 
things.  By  the  term  heat  is  meant,  in  philosophical  language, 
the  power,  whatever  it  be,  which  excites  in  us  the  sensation  of 
warmth :  by  temperature  is  meant  the  energy  with  which  the 
heat  in  a  body  tends  to  transfer  itself  to  other  bodies.  In  other 
words,  the  temperature  of  a  body  is  that  modification  of  heat 
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which  is  perceptible  to  the  senses  or  can  be  measured  by  the 
thermometer.  If  two  or  more  masses  of  matter,  of  the  same  or 
of  different  kinds,  such  as  mercury,  oil,  water,  or  spirit  of  wine, 
when  brought  into  contact  with  a  thermometer,  cause  the  mer- 
cury which  this  instrument  contains  to  stand  at  the  same  point, 
they  are  said  to  have  the  same  temperature.  But  the  tempera- 
ture of  a  body  affords  no  indication  of  the  actual  quantity  of  heat 
which  it  contains.  A  pint  of  spring  water  may  raise  a  thermom- 
eter to  the  same  degree  as  a  gallon  of  the  same  water,  though  it 
is  obvious  that  the  larger  quantity  of  the  liquid  contains  the 
greater  amount  of  heat.  Again,  suppose  a  thermometer  to  stand 
in  water  at  50°  in  one  instance,  and  at  100°  in  another,  in  equal 

auantitiee  of  the  liquid ;  it  would  be  a  mistake  to  suppose  that  in 
lie  latter  case  the  water  is  twice  as  hot  as  in  the  former.  The 
zero  of  the  thermometer  scale  is  entirely  arbitrary,  and  does  not 
indicate  the  complete  absence  of  heat,  which  may  be  abstracted 
continuously  from  bodies  even  though  they  may  have  been  already 
cooled  to  0  . 

(132)  Eaopcmsion  of  Solids. — Solids,  as  might  be  expected 
from  the  exertion  of  cohesion  among  their  particles,  expand  less 
for  equal  elevations  of  temperature  than  either  liquids  or  gases. 
8olids  generally  expand  uniformly  in  all  directions,  and  on  cool- 
ing return  to  their  original  shape.  Lead,  however,  is  so  soft  that 
its  particles  slide  over  each  other  in  the  act  of  expansion,  and  do 
not  return  to  their  original  position.  A  leaden  pipe,  if  used  for 
conveying  steam,  permanently  lengthens  some  inches  in  a  short 
time,  ana  the  leaden  flooring  of  a  sink  which  often  receives  hot 
water  becomes,  in  the  course  of  use,  thrown  up  into  ridges  and 
puckers. 

Mitscherlich  (Pogpendorf9*  Ann.  x.  137)  has  discovered  that 
all  those  crystals  which  possess  a  doubly  refracting  action  upon 
light,  expand  unequally  in  different  directions  when  heated. 
The  shape  of  a  crystal  of  calcareous  spar,  for  instance,  is  slightly 
altered  when  heated :  the  obtuse  angles  become  more  acute,  and 
the  inclination  of  the  faces  of  the  crystal  to  each  other  becomes 
lessened  8^'  by  an  elevation  of  temperature  from  32°  to  212°  F. 
The  crystal  elongates  most  in  the  direction  of  the  optic  axis,  and 
indeed  it  actually  contracts  at  the  same  time  in  directions  at 
right  angles  to  this.  Such  crystals,  however,  form  no  exception 
to  the  general  rule  that  the  bulk  of  bodies  is  increased  by  neat. 
It  has  been  ascertained,  for  instance,  that  a  crystal  of  calc-spar 
increases  in  bulk  between  32°  and  212°,  to  the  extent  of  1  part 
in  510. 

Different  solids  expand  very  unequally  for  equal  additions  of 
heat :  zinc,  for  example,  dilates  much  more  than  iron,  and  iron 
more  than  glass.  The  total  expansion  of  a  body  may  be  obtained 
very  nearly  by  multiplying  the  linear  expansion  (or  expansion  in 
length)  by  3.  The  following  table  gives  some  measurements  of 
the  expansion  both  in  length  and  in  bulk  which  is  experienced 
by  various  solid  bodies : — 
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Expansion  of  Solids. 


1-000,000  Parts  at  »•  F. 


At  ««•  F. 
beoome, 


Expansion, 


In  Length. 


In  Balk. 


Authority. 


English  Flint  Glass. 
Glass  tube  (French), 

Platinum  • 

Palladium 

Untempered  Steel.... 

Antimony 

Iron 

Bismuth 

Gold 

Copper 

Brass 

Silver , 

Tin  (East  India) 

Zinc 


1-000,811 
1-000,861 
1*000,884 
1-001,000 
1-001,079 
1-001,088 
1-001,182 
1-001,892 
1-001,466 
1-001,718 
1-001,866 
1-001,909 
1001,987 
1*002,848 
1-002,942 


1  in  1248 
1  in  1148 
1  in  1181 
1  in  1000 
1  in    926 


lin 
1  in 
1  in 
1  in 
lin 
1  in 
1  in 
1  in 
lin 
1  in 


928 
846 
718 
682 
682 
586 
524 
616 
851 
840 


lin  416 
lin  882 
lin  877 
lin  888 
lin  809 
lin  807 
lin  282 
lin  289 
lin  227 
lin  194 
lin  179 
lin  175 
lin  172 
lin  117 
lin  118 


Lav.  &  Laplace 
)  Dulong  and 
f     Petit 

Wollaston 

Lay.  &  Laplace 

Smeaton 

Dulong  &  Petit 

Smeaton 

Lay.  &  Laplace 

Dulong  k  Petit 

I  Layoisier 
\    and 
I  Laplace 

Smeaton 


The  following  results,  which  were  obtained  by  Daniell,  with 
bars  heated  in  a  cylinder  of  baked  black-lead  ware,  and  measured 
by  his  pyrometer  scale  (140)  show  the  expansion  of  certain  solids 
at  high  temperatures.     {Phil.  Trans.,  1832,  p.  456.) 


Linear  Expansion  of  Solids. 


1,000,000  Parts,  at  02*  F. 


At  8W, 
rise  of  150*. 


At  6*9°, 
rise  of  600*. 


At  Fusing  Point 


Black-lead  Ware.. 
Wedgwood  Ware. 

Platinum 

Iron  (Wrought)... 

Iron  (Cast) 

Gold 

Copper 

Silver 

Zinc 

Lead 

Tin 


1000244 
1000785 

1000785 

1000984 

1000893 
1001025 
1001480 
1001626 
1002480 
1002828 
1001472 


1000708 
1002995 

1002995 

1004488 

1008948 
1004288 
1006847 
1006886 
1008527 


1009926  maximum, 
but  not  fused. 

1018878  to  the  fusing 

point  of  cast-iron. 
1016889 

1024876 
1020640 
1012621 
1009072 
1008798 


The  addition  of  heat  beyond  a  certain  point  overcomes  the 
cohesion  of  the  solid,  and  it  assumes  the  liquid  form.  The  quan- 
tity of  heat  required  to  effect  this  varies  greatly  with  the  nature 
of  the  substance,  some  solids  melting  at  a  much  lower  tempera- 
ture than  others. 

(133)  Expansion  of  Liquids. — Liquids  expand  proportionately 
much  more  rapidly  than  solids.  They  diner,  also,  in  expansi- 
bility to  a  mucn  greater  extent ;  generally  the  most  volatile  are 
most  expansible.  This  is  remarkably  shown  in  the  case  of  the 
liquids  obtained  by  the  condensation  of  the  ^ases  (196)  which 
are  even  more  rapidly  dilated  by  heat  thqp  aeriform  bodies. 


Digitized  by  VjOOQIC 


EXPANSION  OF  LIQUIDS. 


189 


Expansion  of  Liquids. 


Ata°F. 

At  212*  F. 

Expansion. 

Authority. 

1,000,000  parts  of  Mercury  become 
"                Water         " 
"                 Oil              " 
"                Alcohol       " 

1,018,168 
1,046,600 
1,080,000 
1,111,000 

lin  66 
1  in  21*8  ) 
1  in  126  V 
lin    9     ) 

Begnault 
Dalton 

It  has,  however,  been  found  that  in  many  liquids  of  analogous 
chemical  composition  tie  expansion  is  very  nearly  uniform,  if  the 
comparison  be  made,  not  at  the  same  temperature,  but  at  corre- 
sponding temperatures^  that  is  to  say,  at  equal  distances  from  the 
boiling  point,  the  point  at  which  cohesion  is  just  about  to  yield 
to  the  repulsive  action  of  heat.  The  same  thing  has  also  been 
observed  between  some  liquids  which  present  no  analogies  in 
their  nature.  This  subject  has  been  investigated  with  great  care 
by  Pierre  (Arm.  de  Cnimiey  III.  xv.  325  ;  xix.  193  ;  xx.  5  ;  xxi. 
336 ;  xxxi.  118),  and  by  Kopp,  {Pogg.  Annal.  lxxii.  1  and  223 ; 
Liebig^s  Annal.  xciiii.  157 ;  xciv.  257  ;  and  xcv.  307).  In  most 
instances  there  is  a  very  satisfactory  agreement  between  the 
results  obtained  by  these  observers  upon  the  same  liquid.  Some 
of  their  results  are  embodied  in  the  following  table.  The  bulk 
of  each  liquid  at  its  boiling  point  is  taken  as  10,000.  The  num- 
bers in  the  table  indicate  tne  volume  of  the  liquid,  first  at  72°  F. 
below  the  boiling  point  of  each  liquid,  and  again  at  a  still  lower 
temperature,  12o°  below  that  point ;  the  most  expansible  liquids 
being  placed  first  in  the  table. 

Expansion  of  liquids  at  Corresponding  Temperatures. 


10000  Psrte  of  the  following  Liquids 
at  Boiling  Point 


Formula. 

Volnme  at 

WF. 

below  boiling. 

Volnme  at 

186' P. 

below  boiling. 

Ob- 
aerrer. 

C4H,.0 

&C1« 

C*H»C1 

9884 
9890 
9419 

9027 

P. 

it 

CHtCAOt 
(7H,(7«HT0s 

9424 
9480 
9481 
9488 

9068 
9064 
9066 
9076 

u 
u 
u 
u 

0sHftC«HT0s 
CH,0»H,0s 

9446 
9446 

9066 
9084 

u 
Kp 

0H,Br 
0,H»Br 

9488 
9462 

9091 

p 

Kp 

AiCl4 
PCI, 

9476 
9484 

9180 
9167 

p. 

0.H. 
H04HT0t 
H0,H,0, 
H0H0, 

9486 
9497 
9620 
9660 

9146 
9164 
9207 
9264 

Kp. 

tc 
ii 
II 

0HJ 
C.HJ 

9494 
9614 

9168 
9187 

p. 

ii 

0sH4Cla 

9499 

9171 

Ether  

Chloride  of  Silicon 

Chloride  of  Ethyl 

'Acetate  of  Ethyl 

Formiate  of  Ethyl 

Acetate  of  Methyl 

Butyrate  of  Methyl 

Butyrate  of  Ethyl , 

1  Valerate  of  Methyl. 

Bromide  of  Methyl 

Bromide  of  Ethyl 

Terchloride  of  Tin 

Perchloride  of  Phosphorus.. 

Benzol 

( Butyric  Acid 

■J  Acetic  Acid 

( Formic  Acid 

( Iodide  of  Methyl 

{ Iodide  of  Ethyl 

Dutch  Liquid 
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Expansion  of  Liquids  at  Corresponding  Temperature*. 


10000  Parte  of  the  following  Liquids 
at  Boiling  Point 


Formula. 


Yolome  at 
«  F. 

below  boiling. 


Volemaat 

m  F. 

below  boiling. 


Ob- 


Monochlorinated  Hydrochloric ) 
Ether - ) 

fMonochlorinated  Dutch  Li- 

I     quid 

I  Dlchlorinated    Hydrochloric 


(Wood  Spirit.., 

i  Alcohol 

( Fousel  Oil 


Bisulphide  of  Carbon, 

Sulphurous  Ether 

Bromine 

Chloride  of  Titanium 

Terchloride  of  Arsenic 

Bromide  of  Ethylene 

Terbromide  of  Phosphorus.. 

Bromide  of  Silicon 

Water 


CiH4Gl,Cl 

C,H,G1,GU 
C,HaGL,Cl 

CH40 
C.H.0 
(7»Hls0 

08, 

Br 

AsCl* 
0,H«Br, 
PBrg 
Site* 
H,0 


9481 


9518 

9451 

9488 
9586 
9503 

9521 
9686 
9547 
9558 
9560 
9562 
9621 
9627 
9747 


9121 

9190 
9094 


9225 
9192 

9201 
9215 
9247 
9247 
9256 
9264 
9863 
9840 
9627 


The  expansion  of  the  different  liquids  need  in  these  experi- 
ments was  determined  by  inclosing  in  tabes  similar  to  tnose 
employed  for  thermometers,  known  bulks  of  the  liquid  at  a  par- 
ticular temperature,  and  measuring  the  expansion  experienced  in 
each  case,  making  the  necessary  correction  for  the  dilatation  of 
the  glass  envelope.  In  fact,  a  number  of  thermometers  were  pre- 
pared, in  each  of  which  one  of  the  various  liquids  under  experi- 
ment was  substituted  as  the  expansible  material  in  place  of 
mercury. 

In  comparing  corresponding  compounds  obtained  from  wood- 
spirit  and  from  alcohol  (two  homologous  organic  liquids),  a  re* 
markable  parallelism  in  their  rates  of  expansion  has  been  observed. 
The  acetates  of  ethyl  and  methyl  correspond  closely  with  each 
other,  and  with  the  butyrates  of  the  same  substances.  The  bro- 
mides of  ethyl  and  methyl  also  correspond.  So  do  the  iodides  of 
ethyl  and  methyl.  Wood-spirit  and  alcohol  do  not  differ  greatly 
from  each  other,  or  from  an  allied  compound  produced  during 
fermentation,  which  has  received  the  name  of  fousel  oil :  but  the 
rates  of  expansion  of  the  homologous  butyric,  acetic,  and  formic 
acids  differ  rather  more  widely.  Formiate  of  ethyl  is  metameric 
with  acetate  of  methyl  (that  is  to  say,  it  is  composed,  in  100 
parts,  of  the  same  chemical  elements,  in  precisely  the  same  pro- 
portions), and  both  expand  also  in  exactly  the  same  ratio ;  out 
this  uniformity  of  expansion  in  metameric  bodies  is  not  always 
observable ;  considerable  differences  are  found  to  exist,  for  exam- 
ple, between  the  rates  of  expansion  of  the  metamerides  Dutch 
liquid  and  monochlorinated  hydrochloric  ether,  and  between 
monochlorinated  Dutch  liquid  and  dichlorinated  hydrochloric 
ether. 

Two  elements,  however,  such  as  chlorine  and  bromine,  which 
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are  most  closely  allied  in  chemical  properties,  and  which  form 
compounds  which  have  the  same  crystalline  form,  may  jet  com- 
bine with  the  same  element,  and  produce  liquids  which  have 
totally  different  rates  of  expansion.  For  instance,  Dutch  liquid 
and  bromide  of  ethylene  diner  considerably,  and  no  correspond- 
ence exists  between  the  expansion  of  bromide  of  silicon  and  of 
chloride  of  silicon. 

(134)  Expansion  of  fiases. — When  the  temperature  rises 
beyond  a  certain  point  in  liquids,  they  change  their  state, 'cohe- 
sion is  entirely  overcome,  repulsion  predominates,  and  the  aeri- 
form condition  supervenes.  Expansion  for  equal  increments  of 
heat  is  in  gases  far  greater  than  in  solids  or  in  liquids.  If  the 
open  extremity  of  a  tube,  on  the  other  end  of  which  a  bulb  is 
blown,  be  plunged  into  water,  the  heat  of  the  hand  will  be  suffi- 
cient to  dilate  the  air  in  the  bulb  so  as  to  cause  a  part  of  the 
enclosed  air  to  escape.  In  gases,  as  cohesion  is  entirely  over- 
come, no  such  variety  in  expansion  is  exhibited  as  in  the  case  of 
liquids  and  of  solids ;  it  may,  without  sensible  error,  be  assumed 
that  in  gases,  and  also  in  vapours  at  considerable'  distances  above 
their  points  of  condensation,  the  expansion  is  alike  in  all,  under 
like  variations  of  temperature  and  pressure.  From  the  freezing 
to  the  boiling  point  of  water,  they  increase  in  bulk  more  than 
one-third,  1000  parts  at  32°  becoming  1367  at  212°.* 

(135)  Thermometers. — Whether  the  body  be  in  the  solid, 
the  liquid  or  the  (gaseous  condition,  the  expansion  is  always  pro- 
portionate to  the  neat  employed;  and  the  same  body,  with  the 
same  initial  temperature,  always  expands  to  the  same  extent  by 

*  Begnault  (Ann.  de  CMmU,  UL  iv.  5  and  ▼.  52)  and  Magnus  (lb.  TEL  iv.  880)  have 
published  independent  and  elaborate  investigations  on  the  expansion  which  various  gases 
undergo  by  the  application  of  heat  According  to  their  experiments,  the  coefficient  of 
expansion  is  not  rigidly  uniform  for  all  gases ;  the  expansion  being  greatest  for  those 
which  are  most  readily  oondensible,  whilst  for  the  gases  which  have  resisted  all  efforts 
to  liquefy  them,  scarcely  any  appreciable  differences  are  observed.  The  following  table 
contains  a  summary  of  the  results  of  these  experiments : — 

Expansion  of  Oatet  by  Heat 


1000  Parte  at  W  F.  becoma, 

At  US' F. 

Kegnanlt. 

Magnus. 

Hvdroffen 

186618 
1866*88 
1867-06 
1866*82 
1868-12 
1870*90 
1871*96 
1887*67 
1890-28 

1866-669 
1866*608 

1869-087 

1886-618 

Carbonio  Oxide • 

Atmospheric  Air.tt-T-.ttT—t.T 

Nitrogen 

Hydrochloric  Acid 

Carbonic  Acid 

Nitrous  Oxide 

Cvanoffen ...... 

Sulphurous  Anhydride..... ...**.t 

For  ordinary  purposes,  sufficient  accuracy  is,  however,  attained  by  assuming  the  expan- 
sion of  gases  and  vapours  by  heat,  between  82°  and  212°,  at  H  of  the  volume  at  82° ; 
this  is  equal  to  about  zivv  for  each  degree  of  Fahrenheit,  or  j}*  for  each  degree 
Centigrade. 
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Fig.  109.  the  addition  of  the  same  amount  of  heat :  for  exam- 
ple, a  substance  at  the  temperature  of  50°  will,  how- 
ever often  it  bo  heated  to  100°,  always  expand  to  the 
same  bulk ;  and  on  cooling  to  its  original  tempera- 
ture of  50°,  it  will  always  return  to  its  original  bulk. 
By  ascertaining  exactly  the  extent  of  this  expan- 
sion, a  ready  and  available  measure  of  temperature  is 
afforded;  and  accordingly  an  instrument  termed  a 
thermometer  (from  dcppo?  hot,  fUrpov  a  measure)  has 
been  constructed  for  this  purpose. 

Air,  from  the  delicacy  of  its  indications,  and  the 
regularity  of  its  expansion,  would  seem  to  be  the  ma- 
terial best  fitted  to  measure  changes  of  temperature, 
and.  indeed  it  was  the  substance  first  tried.  The  air 
thermometer  consisted  simply  of  a  bulb  of  glass,  with 
a  narrow  elongated  stem  dipping  into  some  liquid 
(fig.  109):  as  the  bulb  became  heated  the  air  expanded,  and 
depressed  the  liquid  in  the  stem ;  as  it  cooled,  the  air  contracted, 
and  the  liquid  rose;  a  scale  attached  to  the  stem  gave  the 
amount  of  the  expansion  or  contraction.  But  the  size  of  the 
instrument  and  the  extreme  delicacy  of  its  indications  limited  the 
range  through  which  it  could  be  employed,  and  impaired  its 
utility.  It  was  also  soon  observed  that  differences  of  atmospheric 
pressure,  entirely  independent  of  temperaure,  caused  an  altera- 
tion in  the  bulk  of  the  air :  this  may  be  seen  by  introducing  such 
an  instrument  under  the  receiver  of  an  air-pump,  and  moving 
the  handle ;  the  slightest  motion  causes  great  alteration  in  the 
Fio  no  height  of  the  column  of  liquid  in  the  therinom- 

ter.  This  difficulty  was  ooviated  by  a  modifi- 
cation of  the  instrument  in  which  atmospheric 
pressure  was  altogether  excluded:  two  bulbs 
were  blown  at  the  extremities  of  a  stout  tube, 
which  was  bent  twice  at  right  angles,  and  a 
liquid  was  included  in  the  stem  (fig.  110). 
The  instrument  in  this  form,  however,  would 
not  indicate  general  changes  of  temperature, 
but  only  differences  between  the  temperature 
of  the  two  bulbs;  if  one  were  warmer  than 
the  other,  the  air  expanded  in  that  bulb  and 
drove  the  liquid  in  the  stem  towards  the  other 
^  bulb;  it  was  hence  termed  the  differential 
2^ ^thermometer  or  thermoscqpe,  and  formed,  in  a' 
S^  limited  number  of  cases,  an  instrument  of  great 
sensitiveness  and  utility. 
(136)  The  next  great  improvement  in  the  thermometer  was 
made  by  the  Florentine  academicians :  they  substituted  the  ex- 
pansion of  a  liquid  for  that  of  air,  employing  spirit  of  wine  for 
this  purpose,  and  they  divided  the  stem  of  the  instrument,  arbi- 
trarily as  before,  by  means  of  small  dots  of  enamel,  placed  at 
equal  distances  upon  the  tube.  As  the  scales  of  different  instru- 
ments were  not  aivided  upon  any  uniform  principle,  the  results 
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which  they  famished  did  not  admit  of  direct  comparison.  This 
evil  was,  however,  remedied  by  Newton,  who  applied  Hooker's 
observation,  that  the  melting  point  of  ice  always  occurred  at  a 
fixed  temperature ;  and  finding  that  the  boiling  point  of  water, 
under  certain  standard  circumstances,  was  equally 
uniform,  he  proposed  these  as  fixed  points,  between 
which  the  scale  should  be  divided  into  a  certain 
number  of  equal  parts,  the  scale  being  continued 
above  and  below,  with  similar  divisions^  as  far  as 
might  be  necessary.  Unfortunately,  this  interval 
has  in  different  countries  been  differently  subdi- 
vided. In  England,  Fahrenheit's  division  into  180° 
is  principally  employed ;  the  zero,  or  0°,  upon  this 
scale  being  32  of  these  degrees  below  the  freezing 
point  of  water.  In  France  and  generally  on  the 
Continent,  the  Centigrade  division  prevails ;  the  in- 
terval between  the  freezing  and  the  boiling  points 
being  subdivided  into  100°,  the  degrees  being  count- 
ed upwards  and  downwards  from  tne  freezing  point, 
whicn  is  reckoned  0° ;  the  lower  temperatures  Deing 
indicated  by  the  prefix  of  the  negative  algebraic 
sign  -. 

Reaumur,  whose  division  is  still  used  in  Germany 
and  Russia,  divided  the  same  interval  into  80°,  mak- 
ing his  zero  at  the  freezing  point  of  water. 

The  conversion  of  degrees  upon  one  6cale  into 
those  of  another  is  easily  effected  by  the  use  of  the 
following  formulae : — 

Fahrenheit  to  Centigrade,  $  (F°-32)=  C°. 
Centigrade  to  Fahrenheit,  f  C°  +  32  =F°. 
Reaumur  to  Fahrenheit,  f  R°  +  32  =  F°. 
Fahrenheit  to  Reaumur,    $  (F0-32)=R°. 

The  annexed  cut  (fig.  Ill)  exhibits  the  three 
scales  placed  side  by  side,  and  shows  the  corre- 
sponding values  through  a  considerable  range  of 
temperature.* 

The  employment  of  spirit  of  wine  as  the  expan- 
sible liquid  for  measuring  temperature,  is  attended 
with  advantages  where  low  temperatures  are  con- 
cerned, inasmuch  as  spirit  of  wine  has  never  yet 
been  solidified  by  cold.  But  owing  to  the  low  tem- 
perature at  which  the  spirit  boils,  it  cannot  be  ap- 
plied for  high  ranges  of  temperature ;  the  heat  of 
boDing  water  would  be  sufficient  to  burst  the  ther- 
mometer, in  consequence  of  the  generation  of  the  vapour  of  alco- 
hol within  the  instrument.  For  most  purposes  mercury  is  a  more 
convenient  thermometric  liquid ;  it  embraces  a  considerable  range 
of  temperature,  freezing  at  39°  below  0°  F.  and  not  boiling  under 

*  A  table  of  the  degrees  of  the  Centigrade  scale,  with  their  comparative  values  oo 
thai  of  Fahrenheit,  willbe  found  in  the  Appendix,  Part  DX 
13 
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662°  F.    It  has  also  the  advantage  of  not  adhering  to  the  sides 
of  the  tubes. 

(137)  Tests  of  a  good  Thermometer. — A  good  mercurial  ther- 
mometer should  answer  to  the  following  tests :  when  immersed 
in  melting  ice,  the  column  of  mercury  should  indicate  exactly 

32°  F. ;  when  suspended  with  its  scale 
immersed  in  tbe  steam  of  water  boiling 
in  a  metallic  vessel,  as  represented  in 
fig.  112  (the  barometer  standing  at  30 
inches)  the  mercury  should  remain  sta- 
tionary at  212°.  When  the  instrument 
is  inverted,  the  mercury  should  fill  the 
tube,  and  fall  with  a  metallic  click,  thus 
showing  the  perfect  exclusion  of  air. 
The  value  of  the  degrees  throughout  the 
tube  should  be  uniform :  to  ascertain 
Xy  this,  a  little  cylinder  of  mercury  may  be 
detached  from  the  column  by  a  slight 
jerk,  and  on  inclining  the  tube,  it  may 
be  made  to  pass  from  one  portion  of  the 
bore  to  another.  If  the  scale  be  prop- 
erly graduated,  the  column  will  occupy 
an  equal  number  of  degrees  in  all  parte 
of  the  tube. 

The  expansion  of  which-a  thermom- 
eter thus  takes  cognizance  is  not  the  entire  expansion  of  the  mer- 
cury, but  the  difference  between  the  expansion  of  the  mercury 
and  of  the  glass ;  both  expand,  but  the  mercuiy  expands  the 
more  rapidly  of  the  two,  and  the  column  of  metal  therefore  rises 
in  the  stem  of  the  instrument. 

If  a  thermometer  be  graduated  immediately  after  it  has  been 
sealed,  it  is  liable  to  undergo  a  slight  alteration  in  the  fixed 
points  of  the  scale,  owing  to  the  gradual  contraction  of  the  bulb, 
which  does  not  attain  its  permanent  dimensions,  until  after  a  lapse 
of  several  months.  This  contraction  is  probably  due  to  the  pres- 
sure of  the  atmosphere.  From  this  circumstance,  the  freezing 
point  may  become  elevated  from  i  to  i  a  degree  ;  and  thus  the 
graduations  throughout  the  scale  indicate  a  temperature  which  is 
higher  than  the  true  one  by  the  amount  of  the  error.  In  some 
thermometers,  even  after  long  use,  the  bulb,  as  Despretz  and 
Pierre  have  shown,  after  exposure  to  a  heat  not  exceeding  that 
of  boiling  water,  does  not,  on  cooling,  contract  at  once  to  its 
proper  dimensions ;  and  thus  a  temporary  displacement  of  the 

fraduation  is  caused  every  time  such  instruments  are  heated  to 
12°. 

(138)  Different  forms  of  Thermometer. — The  variety  of  cir- 
cumstances under  which  thermometers  are  used,  necessarily 
demands  a  considerable  variety  in  their  form.  It  is  desirable, 
for  delicate  'experiments,  to  reduce  the  mass  of  the  instrument, 
in  order  to  diminish  the  amount  of  heat  required  to  raise  its  tem- 
perature to  that  of  the  bodies  with  which  it  is  brought  into  oan- 
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tact ;  but  where  minute  subdivisions  of  a  degree  require  notice, 
it  is  better  to  employ  a  thermometer  with  a  large  bulb  and  a  fine 
bore.  A  useful  form  of  the  instrument  is  the  self-registering 
maorimum  and  minimum  thermometer.  The  common  maximum 
thermometer  consists  of  a  mercurial  thermometer,  with  a  hori- 
zontal stem,  in  the  bore  of  which  a  small  piece  of  steel  wire  is 
included  above  the  mercury.  As  the  mercury  expands,  it  pushes 
the  steel  before  it,  and  when  the  mercury  contracts,  and  recedes 
towards  the  bulb,  the  wire  does  not  follow  it.  The  minimum 
temperature  is  observed  by  a  spirit 'thermometer,  arranged  like 
the  mercurial  one,  Vit  the  index  consists  of  a  small  piece  of 
enamel,  sunk  below  the  surface  of  the  liquid  column.  As  the 
spirit  descends,  it  carries  the  index  with  it  by  capillary  adhesion, 
as  soon  as  the  upper  extremity  of  the  index  reaches  the  surface 
of  the  liquid ;  but  the  liquid,  on  expanding,  readily  passes  by  the 
enamel,  and  leaves  it  at  the  lowest  point  to  which  the  column 
had  retreated.  Six's  thermometer  is  constructed  upon  a  some- 
what similar  principle,  but  it  is  less  portable,  and  more  liable  to 
derangement.  A  simpler  form  of  maximum  thermometer  has 
been  constructed  by  lieeretti  and  Zambra ;  it  is  merely  an  ordi- 
nary thermometer,  placed  horizontally  with  a  contraction  in  the 
tube,  just  above  the  bulb,  so  that  it  allows  the  mercury  to  pass 
when  it  expands,  but  owing  to  the  narrowing  the  metal  does  not 
recede  when  the  temperature  falls.  It  therefore  indicates  the 
highest  temperature  attained  since  the  last  observation.  The 
true  place  of  the  mercurial  column  is  restored  by  placing  the 
instrument  vertically,  and  giving  it  a  slight  swinging  motion. 

(139)  Increase  of  the  Ratio  of  DilcUation  vnth  Rise  of  Tem- 
perature.— A  scale  divided  upon  the  principles  already  described 
evidently  depends  for  accuracy  on  the  supposition  that  equal  in- 
crements of  neat  produce  an  equal  amount  of  expansion.  With 
due  precautions,  a  pound  of  water,  at  32°,  mixea  with  a  pound 
of  water  at  212°,  should  yield  a  mixture  in  which  the  thermome- 
ter should  stand  at  122°,  the  exact  mean.  Yet  it  is  not  true  that 
even  in  the  same  substance  equal  increments  of  heat  at  different 
temperatures  produce  an  equal  amount  of  expansion: — for  ex- 
ample, the  expansion  of  mercury  for  the  10°  between  30°  and 
40°,  is  less  than  its  expansion  for  the  10°  between  200°  and  210°. 
In  the  mercurial  thermometer,  for  temperatures  between  freezing 
and  boiling  water,  it  may  nevertheless  be  assumed,  without  sen- 
sible error,  that  equal  increments  of  heat  raise  the  thermometer 
through  an  equal  number  of  degrees.  The  increase  in  the  capa- 
city of  the  glass  bulb,  especially  if  the  thermometer  be  made  of 
crown  glass,  almost  exactly  compensates  for  the  increasing  rate 
of  the  expansion  of  mercury;  though  for  temperatures  above 
212°  the  compensation  is  not  so  exact.  The  general  result  is, 
that  for  all  bodies,  in  proportion  as  the  temperature  rises,  the  ex- 
pansion increases ;  the  distance  between  the  particles  augments 
with  the  heat,  and  consequently  their  mutual  cohesion  is  more 
readily  overcome.  The  total  expansion  of  mercury,  for  example, 
for  three  progressive  intervals  of  180°  F.,  according  to  Regnault, 
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is  the  following:  between  82°  and  212°  it  is  1  part  in  55*08; 
between  212°  and  892°  it  is  1  in  54*61 ;  and  between  392°  and 
572°  1  in  54*01.  Platinum  is  more  equable  in  its  expansion  than 
any  other  of  the  metals,  though  it  also  exhibits  a  similar  increase 
in  the  rate  of  its  expansion  as  the  heat  rises. 

The  following  table  embodies  some  experimental  results  ob- 
tained upon  this  point  by  Dulong  and  Petit : — 

Increase  of  Mean,  Dilatation  in  Bulk  by  Heat. 


Material  employed. 


Glass 

Platinum 

Iron 

Copper 

Mercury • 

Do.  (Regnault) 

Mercury  in  Glass, 


Mean  Ezpanslou  for  each  Degree  F. 


Between 
89*  and  318*. 


1  in  69660 
1  in  67860 
1  in  50760 
1  in  84920 
lin  9990 
1  in  9915*7 
1  in  11664 


Between         Between 
82*  and  892*.   89*  and  578*. 


1  in  65840 


lin  9665 
lin  9776 
1  in  11480 


1  in  59220 
1  in  65840 
1  in  40860 
1  in  81860 
1  in  9518 
1  in  9647*6 
1  in  11872 


Between 
88*  and  668*. 


1  in  9582*7 


The  temperature  of  572°  F.,  as  measured  by  an  air  thermome- 
ter, if  measured  by  the  expansion  of  mercury,  in  an  ordinary 
thermometer,  would  be  indicated  as  586°,  because  the  apparent 
dilatation  of  the  mercury  increases  as  the  temperature  rises.* 

(140)  Pyrometers. — Since  the  expansion  of  dissimilar  metals 
for  equal  additions  of  heat  is  unequal,  it  is  evident  that  if  a  com- 
pound bar,  consisting  of  two  such  metals  as  brass  and  steel,  be 
formed  by  riveting  equal  plates  of  each  metal  together,  the  appli- 
cation of  neat  would  occasion  curvature  of  the  bar ;  the  concavity 
being  upon  the  side  of  the  steel,  the  metal  which  expands  least 
On  this  principle,  a  very  delicate  solid  thermometer  has  been 
constructed  by  Breguet.  It  consists  of  a  compound  ribbon  of 
three  metals,  platinum,  gold,  and  silver,  which  are  rolled  out  into 
a  very  thin  lamina,  and  coiled  into  a  cylindrical  spiral,  to  the 
lower  extremity  of  which  an  index  is  attached,  the  upper  end  of 
the  spiral  being  fixed.  The  silver  expands  much  more  than  the 
platinum,  so  that  the  coil  twists  and  untwists  as  the  temperature 
rises  and  falls.  The  value  of  the  degrees  is  ascertained  oy  com- 
parison with  a  standard  thermometer. 

*  If  the  specific  expansion  of  each  solid  and  liquid  were  equal  for  that  substance  for 
equal  increments  of  temperature,  the  volume  of  the  body  might  be  calculated  for  any 
given  temperature  by  the  formula  V=l+<rf,  in  which  V  is  the  required  volume,  1  the 
volume  at  82°  F.,  t  the  required  temperature  in  degrees  F.,  and  a  the  cofficient  of  ex- 
pansion ascertained  by  experiment  Thus  the  volume  of  mercury  for  any  temperature 
between  82°  and  212*  F.  may  be  approximative^  determined  by  the  formula,  V=l+ 
0,00010085*  ;  but,  generally  speaking,  it  becomes  necessary  to  take  other  terms  of  the 
aeries  into  the  account,  so  that  the  formula  becomes 

Vsl  +  rf  +  W  +  c** 

a,  &,  and  c,  being*coefflcients  calculated  from  the  experimental  numbers. 

In  the  case  of  permanent  gases,  the  simple  formula,  V=l+<rt  gives  thotrue  result 
for  the  expanaten,  the  coefficient  a  being  taken  =0*002089  for  each  1*  F.,  or=0*008C* 
toewmrO; 
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For  the  estimation  of  high  degrees  of  temperature,  such  as 
the  heat  of  furnaces  and  the  rasing  point  of  many  metals,  instru- 
ments of  a  different  description,  usually  termed  pyrometers  (from 
wvp  fire),  are  required.  The  most  manageable  of  these  is 
Daniell's  register  pyrometer,  which  is  shown  in  fig.  113.    It  con- 
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sists  of  two  parts,  the  register  1,  and 
the  scale  2.    The  register  is  a  solid 


bar  of  black  lead  earthenware,  a, 
highly  baked.  In  the  axis  of  this  a 
hole  is  drilled,  reaching  from  one 
end  of  the  bar  to  within  half  an  inch 
of  the  other  extremity.  In  this 
cylindrical  cavity  a  rod  of  platinum 
or  of  iron,  a  ay  6£  inches  long,  is 
§  placed,      upon  the  top  of  the  bar 

— ,       rests  a  cylindrical  piece  of  porcelain, 
|  c  (?,  sufficiently  long  to  project  a 

•J  short  distance  beyond  the  extremity 

- — I  I — — J    of  the  black-lead  bar,  to  serve  as  an 

index.  It  is  confined  in  its  position  by  a  ring  or  strap  of  plati- 
num, dj  passing  round  the  top  of  the  black-lead  tube,  which  is 
partly  cut  away  at  the  top ;  the  ring  is  tightened  by  a  wedge  of 
porcelain,  e.  when  exposed  to  a  high  temperature,  the  expan- 
sion of  the  metallic  rod,  a  0,  forces  the  index  forward  to  a  dis- 
tance equal  to  the  difference  in  the  amount  of  expansion  between 
the  metallic  rod  and  the  black-lead  bar,  and  when  cool,  it  will  le- 
main  protruded  to  the  same  distance,  which  will  be  greater  or 
less  according  to  the  temperature ;  the  exact  measurement  of 
this  distance  is  effected  by  the  *  scale,'  2.  This  scale  is  independ- 
ent of  the  register,  and  consists  of  two  rules  of  brass,/"  ^,  joined 
together  by  their  edges  accurately  at  a  right  angle,  and  fitting 
square  upon  the  two  sides  of  the  black-lead  bar.  Near  one  end 
of  this  double  rule  a  small  brass  plate,  A,  projects  at  a  right 
angle,  which,  when  the  instrument  is  used,  is  brought  down 
upon  the  shoulder  of  the  register,  formed  by  the  notch  cut  awfey 
for  the  platinum  strap.  To  the  extremity  of  the  rule  nearest  this 
brass  plate,  is  attached  a  moveable  arm,  d,  turning  at  its  fixed 
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extremity  upon  a  centre,  t,  and  at  the  other  end  carrying  an  arc 
of  a  circle,  e,  the  radius  of  which  is  exactly  5  inches,  accurately 
divided  into  degrees  and  thirds  of  a  degree.  Upon  this  arm,  at 
the  centre,  &,  another  lighter  arm,  c,  is  made  to  turn,  carrying 
upon  the  extremity  of  its  longer  limb  a  nonius,  h,  which  moves 
on  the  face  of  the  arc,  and  subdivides  the  graduation  into  minutes. 
The  shorter  arm,  which  is  half  an  inch  in  length,  crosses  the 
centre,  and  terminates  in  an  obtuse  steel  point,  m,  turned  inwards 
at  a  right  angle. 

To  use  the  instrument,  the  metallic  rod  is  placed  in  the  regis- 
ter, the  index  is  pressed  firmly  down  upon  its  extremity,  and 
secured  tightly  by  the  platinum  strap  ana  the  wedge.  The  posi- 
tion of  the  index  is  then  read  off  on  the  scale,  bjr  placing  the 
register  in  the  re-entering  angle  for  its  reception,  with  the  cross- 
piece  firmly  held  against  the  shoulder,  ana  the  steel  point,  m, 
resting  on  the  top  of  the  index,  in  a  notch  cut  for  it,  which  coin- 
cides with  the  axis  of  the  rod.  A  similar  observation,  made  after 
the  instrument  has  been  heated  and  allowed  to  cool,  gives  the 
value  of  the  expansion.  The  scale  of  the  pyrometer  is  Compared 
with  that  of  the  mercurial  thermometer,  by  observing  the  amount 
of  expansion  between  two  fixed  points,  6uch  as  the  freezing  of 
water  and  the  boiling  of  mercury. 

(141)  A  combination  of  the  thermometer  with  the  pyrometer 

S'ves  a  range  of  temperature  extending  through  wide  limits, 
le  means  of  attaining  very  elevated  temperatures  are  much 
more  under  command  than  those  of  procuring  great  degrees  of 
cold. 

The  following  table  gives,  in  degrees  both  of  Fahrenheit's  and 
of  the  Centigrade  scale,  some  remarkable  points  of  temperature  :— 


Greatest  artificial  cold  produced  by  a  bath  of  Ni- 
trous Oxide  and  Bisulphide  of  Carbon  in  vacuo 
(Natterer) , 

Greatest  cold  by  a  bath  of  Carbonic  Acid  and  Ether 
in  vacuo  (Faraday) 

Greatest  natural  cold  recorded  by  verified  thermome- 
ter (Sabine) 

Mercury  freezes 

Freezing  mixture  of  Snow  and  Salt 

Ice  melts 

Maximum  Density  of  Water 

Mean  Temperature  of  London  (Daniell) 

Blood  Heat 

Boiling  point  of  Water 

Mercury  boils - 

Red  heat  just  visible  in  the  dark *) 

SUver  melts.. UanielL 

Cast-iron  melts f1"^ 

Highest  heat  of  wind  furnace. J 


•Fah. 

•Cfen. 

—220 

—140 

—166 

—110 

—  56 

—  49 

—  89 

—  89-4 

—  4 

—  20 

82 

0 

89-2 

4-0 

49-7 

9-9 

98 

86-6 

212 

100 

662 

850 

980 

526 

1878 

1022 

2786 

1580 

8280 

1804 

(142)  Faroe  exerted  by  Expansion. — The  amount  of  force  ex- 
erted by  expansion  or  contraction  from  the  effects  of  heat  or  of 
cold  is  enormous ;  for  it  is  equal  to  that  which  would  be  required 
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to  elongate  or  compress  the  material  to  the  same  extent  by 
mechanical  means.  According  to  the  experiments  of  Barlow,  a 
bar  of  malleable  iron,  of  a  square  inch  m  section,  is  stretched 
Tiriinr  of  its  length  by  a  ton  weight ;  a  similar  elongation  is  pro- 
duced by  about  16°  F.  In  this  climate  a  variation  of  80°  be- 
tween the  cold  of  winter  and  the  heat  of  summer  is  frequently 
experienced.  In  that  range,  a  wrought-iron  bar,  10  inches  long, 
will  vary  in  length  TVW  of  an  inch ;  and  will  exert  a  strain,  if  its 
two  extremities  be  securely  fastened,  equal  to  50  tons  upon  the 
square  inch.  Calculating  upon  Joule's  data,  it  may  be  estimated 
that  the  force  exerted  by  heat  in  producing  thfe  expansion  of  1  lb. 
of  iron  between  32°  and  212°,  during  which  it  would  increase 
about  *|T  of  its  bulk,  would  be  adequate  to  lift  a  weight  of  7  tons 
to  the  height  of  1  foot — that  is  to  say,  that  in  order  to  drive 
asunder  the  particles  to  an  extent  sufficient  to  cause  a  pound  of 
iron  to  increase  ?|T  of  its  bulk,  a  force  of  this  enormous  amount 
would  be  required. 

In  many  instances  in  the  arts  this  effect  is  turned  to  useful 
account.  With  this  view  the  wheelwright  makes  the  iron  tire  of 
his  wheels  a  little  smaller  than  the  wheel  itself,  and  applies  the 
tire  in  a  heated  state;  on  cooling  it  contracts,  and  binds  the 

Sarts  firmly  together.  For  the  same  reason,  in  fastening  together 
le  plates  of  steam  boilers,  the  rivets  are  used  whilst  red-hot. 
But,  on  the  other  hand,  this  force  of  expansion  requires  often  to 
be  carefully  guarded  against.  Iron  clamps  built  into  furnaces 
frequently  destroy,  by  their  expansion  and  contraction,  the 
masonry  which  they  are  intended  to  support.  In  laying  down 
pipes  for  the  conveyance  of  gas  and  water,  it  is  necessary  to  fit 
the  lengths  into  sockets  where  the  material  used  as  stuffing  to 
tighten  the  joint  allows  sufficient  play  for  the  alterations  in 
length  of  the  metal  by  changes  of  temperature.  For  the  same 
reason,  a  small  interval  is  left  between  the  ends  of  the  iron  bars 
in  laying  down  a  line  of  rails.  Each  tube  of  the  Britannia 
Bridge,  across  the  Menai  Straits,  is  liable,  from  changes  of  tem- 
perature, in  the  course  of  twenty-four  hours,  to  an  elongation  and 
contraction  varying  from  half  an  inch  to  three  inches. 

Brittle  substances,  such  as  glass  and  cast-iron,  often  crack  on 
the  sudden  application  of  heat,  because  a  sudden  dilatation  is 
produced  upon  the  surface  before  the  heat  has  time  to  reach  the 
interior,  and  thus  the  cohesion  is  destroyed.  The  thicker  the 
plate  the  greater  is  its  liability  to  fracture.  Sudden  cooling  by 
inducing  unequal  contraction,  nas  a  similar  effect. 

A  knowledge  of  these  effects  of  expansion  explains  why  the 
wires  of  certain  metals,  such  as  iron  and  platinum  may  be  solder- 
ed into  glass ;  whilst  other  metals,  such  as  silver,  gold,  or  copper, 
separate  and  crack  out  as  the  joint  cools.  The  expansion  of  iron 
or  of  platinum  differs  from  that  of  glass  by  only  a  very  small 
amount,  whereas  other  metals  vary  from  it  greatly,  and  contract 
far  more  in  cooling. 

(143)  Anomalous  Expansion  of  Water. — A  remarkable  ex- 
ception to  the  law  of  contraction  by  the  removal  of  heat,  exists 
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in  the  case  of  water.  Water  follows  the  regular  law  until  it 
reaches  a  point  between  39°  and  40°  ;  then,  instead  of  contract- 
ing, it  begins  to  expand,  and  continues  to  do  so  till  it  reaches  the 
freezing  point.  About  39°  it  is  at  its  point  of  greatest  density, 
and  just  Wore  it  freezes  it  occupies  a  space  as  great  as  it  did  at 
48°.  If  water  at  39°-2  be  taken  as  1,  at  32°  it  has  a  density  of 
0-99988  (Pierre). 

By  dissolving  table  salt  in  water,  the  point  of  maximum  den- 
sity is  lowered,  and  the  solution  goes  on  contracting  regularly  at 
temperatures  considerably  below  39°,  until,  in  sea-water,  the 
anomaly  disappears,  the  maximum  density  occurring  according 
to  Despretz  at  25°*38,  a  temperature  below  its  point  of  congela- 
tion, which  the  same  observer  .estimates  at  27°4.  Various  other 
salts  besides  culinary  salt  (chloride  of  sodium)  have  the  effect, 
when  dissolved  in  water,  of  lowering  its  point  of  maximum  den- 
sity ;  but,  amongst  the  numerous  liquids  examined  by  Pierre,  no 
other  liquid  besides  water  was  found  thus  to  expand  whilst  the 
temperature  was  falling. 

(144)  Correction  ojBulk  of  Gases  for  Temperature.— It  has 
been  already  mentioned  that  aeriform  bodies  expand  for  equal 
additions  of  temperature  more  than  either  solids  or  liquids,  and 
that  the  rate  of  expansion  for  all  gases  and  vapours  is  equal  and 
uniform,  at  all  degrees  of  heat  and  under  all  variations  of  pres- 
sure. It  becomes,  therefore,  a  matter  of  importance  to  estimate 
the  amount  of  this  expansion  in  all  experiments  where  the  quan- 
tities of  gases  reauire  to  be  determined,  and  where  their  weight 
is  to  be  inferred  from  measurement  of  their  bulk.  Provided  mat 
the  temperature  of  the  gas  be  known,  the  calculation  is  easily 
made.  Experiment  has  shown  that  for  every  degree  of  heat  upon 
Fahrenheit's  scale,  an  amount  of  expansion  takes  place  equal  to 
T|T  of  the  bulk  that  the  gas  occupied  at  32°  F. ;  that  is  to  say, 
that  a  quantity  of  any  gas  which,  at  the  temperature  of  32°, 
measures  491  parts,  for  every  additional  degree  increases  in  bulk 
1  part ;  so  that  at  33°  it  will  occupy  492  parte,  at  34°  493,  at  40° 
499,  at  60°  519  parts.  In  England,  all  comparisons  of  gases  aro 
referred  to  the  temperature  of  60°.  Suppose  it  be  required  to 
ascertain  the  volume  which  9*2  cubic  inches  of  coal  gas,  measured 
at  70°,  would  have  when  reduced  to  60°:— Since  70—32=38,  491 
parts  of  any  gas  at  32°  would,  at  70°,  have  increased  in  bulk  88 
parts,  or  would  have  become  equal  to  529  parts.  Again  60—32 
=28,  so  that  a  gas,  which  at  32°  occupied  491  parts,  would,  at 
60°,  occupy  a  space  equal  to  519  parts.  The  volume,  therefore, 
of  any  gas  at  70°  would  bear  the  same  proportion  to  the  bulk 
which  it  would  occupy  at  60°  as  529  does  to  519.    And  hence 

529  :  519  :  :  9-2  :  x  (=9-026  cubic  inches). 

If  the  gas,  instead  of  being  measured  at  70°,  had  been  measured 
at  50°,  and  it  were  desired  to  reduce  the  9*2  cubic  inches  to  the 
standard  temperature  of  60° ;  since  50—32=18,  the  gas,  which 
occupied  491  parts  at  32°,  would  have  expanded  to  C09  at  50°. 
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The  proportion  to  the  volume  at  60°,  which  would,  as  before,  be 
519,  is  given  as  follows : — 

509  :  519  :  :  9*2  :  x  (=9-380  cubic  inches). 

In  this  case,  the  observed  volume  is  less  than  the  corrected  one ; 
before,  it  was  greater.  An  additional  and  independent  correction 
of  the  volume  of  the  gas  for  the  deviation  of  the  barometric  pres- 
sure from  the  standard  (41)  is  needed  after  the  correction  for  the 
temperature  has  been  made. 

(145)  liquids  and  gases  immediately  adjust  their  bulk  to  the 
alteration  of  temperature ;  but,  according  to  observations  made 
m  the  Arctic  Expeditions,  solids  do  not  immediately  do  so  in  all 
cases :  it  was  frequently  observed  in  the  metallic  scales  of  many 
of  the  instruments,  that  fall  contraction  did  not  occur  until  a  con- 
cussion had  been  given  to  the  apparatus;  the  metal  then  con- 
tracted suddenly  and  completely. 

(146)  Process  for  taking  the  Specific  Gravity  of  Oases. — The 
principal  correctionprequired  in  the  delicate  operation  of  taking 
the  specific  gravity  of  a  gas  with  accuracy  have  now  been  point- 
ed out.  Begnault,  in  his  elaborate  researches  (Ann.  de  CMmie, 
III.  xiv.  211),  has  reduced  the  number  of  corrections  ordinarily 
required,  by  counterpoising  the  globe  in  which  the  gas  is  to  be 
weighed  by  a  second  globe  of  equal  size,  made  of  the  same  glass ; 
a  practice  which  had  previously  been  adopted  by  Prout,  in  his 
careful  investigations  on  the  density  of  the  atmosphere.  The 
film  of  hydroscopic  moisture  which  always  adheres  to  the  glass  is 
equal  in  both  globes ;  and  as  the  bulk  of  air  displaced  is  also 
equal  in  both  cases,  the  calculation  for  its  buoyancy  may  be  dis- 
pensed with.  The  following  is  a  brief  description  of  the  method 
adopted  by  Regnault: — A  balance  capable  of  weighing  two 
pounds,  and  sufficiently  sensitive  to  turn  with  the  T}T  part  of  a 
grain  when  loaded,  is  placed!  • 

upon  a  chest  provided  with  Fro.  in. 

folding  doors,  within  which 
the  glass  globes,  each  of  the 
capacity  of  about  600  cubic 
inches,  attached  to  the  scale 
pans,  are  freely  suspended. 
The  globe,  b,  fig.  114,  is  her- 
metically sealed;  the  globe, 
a,  for  weighing  the  gases,  is 
provided  with  a  stop-cock ; 
the  air  is  exhausted  from  a 
as  perfectly  as  possible,  and 
it  is  connected  with  an  ap- 
paratus which  supplies  the 
gas  to  be  weighed,  the  gas 
having  been  carefully  puri- 
fied and  dried.  The  globe 
is  again  exhausted  very  com- 
pletely, the  last  portions  of  air  being  thus  displaced  by  the  gas, 
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Fig.  115. 


and  it  is  a  second  time  filled  with  the  gas ;  this  process  must  be 
repeated  a  third  time,  and  the  gas  will  then  be  tree  from  atmo- 
spheric air.  To  avoid  the  need  of  any  correction  for  tempera- 
ture, the  globe  is  this  time  placed  in  a  vessel  with  melting  ice 
(fig.   115),  in  order  to  cool  the  gas  to  32°  F.,  which,  by  the 

French,  is  always  taken  as 
the  standard.  When  'the 
globe  is  filled  with  gas,  and 
sufficient  time  has  elapsed 
for  it  to  acquire  the  temper- 
ature of  the  ice,  the  vessel  of 
mercury,  m,  into  which  the 
escape  tube  dips,  is  removed, 
so  as  to  equalize  the  pressure 
within  the  globe  with  that 


of  the  air;  the  stop-cock  is 
closed,  and  the  globe  with- 
drawn, wiped  carefully  with 
a  damp  cloth,  to  avoid  ren- 
I,  dering  the  surface  electric, 
-  and  it  is  then  suspended  to 
the  scale-pan.  It  is  not 
weighed,  however,  until  af- 
ter the  lapse  of  a  couple  of 
hours,  by  which  time  the  equilibrium  of  its  temperature  with  the 
atmosphere  is  restored,  and  the  production  of  currents  (152) 
around  it  is  obviated.  The  weight,  TP7,  is  then  accurately  noted ; 
the  globe  is  again  plunged  in  ice,  the  gas  removed  by  the  air- 
pump,  and  the  elasticity  of  the  gas  which  still  remains  in  it  is 
measured  accurately  by  the  gauge  attached  to  the  air-pump.  The 
empty  globe  is  again  withdrawn  from  the  ice  and  weighed  as  be- 
fore, representing  its  weight  as  w ;  the  difference  of  the  two 
weights  (or  W — w)  will  give  the  weight  of  a  bulk  of  gas  the 
elasticity  of  which  is  equal  to  that  of  the  atmosphere,  as  marked 
by  the  observed  height,  JB\  of  the  barometer  at  the  time  of  the 
experiment,  diminished  by  the  elasticity,  A,  of  the  remaining 
gas,  as  measured  by  the  gauge.  If  the  capacity  of  the  globe  has 
been  previously  accurately  determined,  the  corrected  weight  of 
the  gas  will  be  obtained  by  the  following  proportion : — 


The  observed 

The  standard 

The  observed 

Corrected 

pressure. 

pressure. 

weight 

weight. 

H'—K 

:         H       :  : 

W—w 

:       W 

Regnault  has  in  this  manner  determined  the  weights  of  1  litre 
of  each  of  the  following  gases,  at  32°,  and  under  a  pressure  of 
29-922  inches  of  mercury  at  32°  :— 


One  litre  of 
Air,       mean  of  8  Expts. 
Oxygen,      "     8  Expts. 


Grammes. 
=     1-293187 
=     1-429802 
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One  litre  of 

Nitrogen,  mean  of  6  Expts. 
Hydrogen,  "  3  Expts. 
Carbonic  Acid,       5  Expts. 


Gramme* 
1-256167 
0-089578 
1-977414 


From  these  data  it  is  easy  to  determine  the  weight  of  100 
cubic  inches  of  each  gas  in  grains.  The  litre  has  a  capacity  of 
61*024  cubic  inches ;  the  gramme  is  equal  to  15*433  grains ;  and 
the  expansion  of  air  between  32°  and  60°  by  heat  is  such,  that 
100,000  parts  become  105,701.  The  barometric  pressure  of 
29-922  inches  at  32°  would  be  equal  to  a  column,  at  60°,  of  30-005 
inches  of  mercury.  Calculating  from  these  numbers,  the  weight 
in  grains  of  the  under-mentioned  gases  under  a  pressure  of  30 
inches  of  mercury  (the  column  being  measured  at  60°)  is  as  fol- 
lows:— 


100  Ooblc  Inche*  weigh, 


Air 

Oxygen 

Nitrogen 

Hydrogen. 

Carbonic  Acid 


At89°F. 


Gretna. 
32*698 
86108 
81762 
2*266 
60-000 


At60°F. 


Grains. 
80*936 
84208 
80119 
2148 
47*808 


Sp.  Gr.  Airssl. 


10000 
11066 
0-9718 
0*0692 
1-6290 


If  the  amount  of  condensation  which  the  constituents  of  a  com- 
pound gas  undergo  in  the  act  of  combination  be  known,  it  is 
easy  to  check  the  experimental  determination  of  its  density,  and 
to  calculate  the  specific  gravity  of  the  resulting  compound  by  the 
following  rule : — 

.  Multiply  the  specific  gravity  of  each  of  the  component  gases 
or  vapours  oy  the  volume  m  which  it  enters  into  the  formation  of 
the  compound;  add  these  products  together ^  and  divide  by  me 
number  of  volumes  produced  after  condensation  has  occurred. 

Suppose,  for  example,  it  be  desired  to  know  the  specific  gravi- 
ty of  nitrous  oxide,  wnicn  by  direct  weighing  is  found  to  be  1*52 : 
2  volumes  of  this  gas  are  formed  by  the  union  of  2  volumes  of 
nitrogen  and  1  volume  of  oxygen : — 

Specific  gravity  of  nitrogen  =  0-9713  x  2  =  1-9426 
Specific  gravity  of  oxygen     =  1*1056  x  1  =  1/1056  0 

2)3-0482 
Calculated  specific  gravity  of  nitrous  oxide  =  1*5241 

Again,  the  specific  (gravity  of  ammonia  may  be  calculated  as 
follows,  experiment  giving  it  as  0*59 :  2  volumes  of  ammonia  con- 
tain 1  volume  of  nitrogen  and  3  volumes  of  hydrogen : — 

Specific  gravity  of  nitrogen  =  0-9713  x  1  =  0-9713 
Specific  gravity  of  hydrogen  =  0-0692  x  3  =  0*2076 

2)1-1789 
Calculated  specific  gravity  of  ammonia        =  0*5894 
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(147)  Determination  of  the  Specific  Gravity  of  Vapown. — A 
different  method  of  procedure  is  required  in  taking  the  specific 
gravity  of  a  vapour.  This  is  an  operation  which  the  chemist 
has  frequently  occasion  to  perform,  as  it  often  throws  light  upon 
the  composition  of  the  body.  Two  methods  have  been  proposed 
for  attaining  the  object ;  one,  devised  by  Gay-Lussac,  is  suitable 
for  liquids  which  boil  at  a  temperature  approaching  the  boiling 
point  of  water:  the  other  is  applicable  not  only  to  these  liquids 
but  to  all  that  boil  below  the  boiling  point  of  mercury.  This 
latter  method,  contrived  by  Dumas,  is  applicable  to  all  bodies 
which  boil  below  the  temperature  at  which  glass  softens  ;  but  it 
requires  a  considerable  amount  of  the  substance,  and  if  any  im- 
purities which  have  a  higher  boiling  point  than  the  compound 
under  examination  be  present,  they  accumulate  in  the  flask  and 
render  the  apparent  weight  of  the  vapour  too  high.  The  method 
of  Dumas  is  as  follows :— # 

A  thin  glass  globe  or  balloon  (a,  fig.  116),  of  3  or  4  inches  in 
diameter,  is  drawn  off  at  the  neck  into  a  capillary  tube,  5  or  6 
inches  in  length ;  the  open  extremity  of 
this  tube  is  attached  to  a  desiccating  tube 
filled  with  chloride  of  calcium  (66),  and 
this  is  connected  with  the  air-pump.  The 
air  is  exhausted  from  the  apparatus,  and 
then  slowly  re-admitted,  repeating  the 
process  three  or  four  times.  By  this  means 
any  film  of  moisture  which  might  be  ad- 
hering to  the  interior  of  the  globe  is  re- 
moved, and  it  is  filled  with  air  in  a  dry 
state :  the  temperature  and  pressure  of  the 
atmosphere  at  the  time  are  noted  down. 
The  balloon  after  being  detached  from  the 
air-pump  is  accurately  weighed:  this 
weight  represents  that  of  the  balloon  and 
the  air  which  it  contains.  The  capillary 
tube  is  then  inserted  into  the  liquid  which 
is  designed  to  furnish  the  vapour  the  speci- 
fic gravity  of  which  is  required :  by  gently 
warming  the  globe,  the  enclosed  air  ex- 
pands, and  a  small  quantity  of  it  is  ex- 
fnelled.  As  the  globe  cools,  the  air  again  contracts  and  the  liquid 
rises.  100  or  150  grains  of  the  liquid  having  been  thus  intro- 
duced, the  globe  is  next  firmly  attached,  by  means  of  copper 
wire,  to  a  wooden  handle,  c,  and  by  its  means  is  depressed,  as 
represented  in  fig.  116,  completely  beneath  the  surface  of  a  liquid 
(water,  oil,  or  chloride  of  zinc,  according  to  the  temperature  re- 
quired), which  is  gradually  heated  till  it  is  at  least  30°  or  40° 
above  tie  boiling  point  of  the  liquid  of  which  the  vapour-density 
is  required.  The  liquid  in  the  globe  is  thus  made  to  Doil  briskly, 
and  is  converted  into  vapour,  which  expels  the  air  and  takes  its 
place. 

After  the  vapour  ceases  to  escape  from  the  aperture  of  the 
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capillary  tube,  the  bath  is  maintained  at  a  steady  temperature 
for  a  few  minutes,  to  allow  the  balloon  and  its  contents  to  acquire 
the  temperature  of  the  liquid  in  which  they  are  immersed.  This 
temperature  is  then  observed  by  the  thermometer,  Z,  and  at  the 
same  moment  the  capillary  tube  is  sealed  by  the  flame  of  the 
blow-pipe.  The  balloon  is  afterwards  removed  from  the  bath, 
and  allowed  to  cool ;  it  is  thoroughly  cleaned,  and  a  second  time 
accurately  weighed.  The  weight  thus  obtained  represents  that 
of  the  balloon  with  that  of  the  liquid  which  remained  within  it 
in  the  form  of  vapour  at  the  moment  of  the  sealing.  The  capil- 
lary neck  is  now  plunged  beneath  the  surface  of  water  (or  of 
mercury),  and  is  then  broken  off.  If  the  operation  be  successful, 
the  vapour  becomes  condensed,  and  the  liquid  enters  the  globe,  so 
as  either  completely  to  fill  it  or  to  leave  only  a  small  bubble  of 
air.  The  globe,  with  the  water  which  it  contains,  is  next  care- 
fully weighed,  and  the  capacity  of  the  balloon  is  thus  ascertained, 
since  252*5  sprains  of  water  are  contained  in  the  space  of  a  cubic 
inch.  The  bubble  of  air  is  then  decanted  into  a  graduated  tube, 
and  its  bulk  measured ;  or  the  globe  may  be  completely  filled 
up  with  water  and  again  weighed ;  the  difference  of  the  last  two 
weighings  will  represent  the  weight  of  a  quantity  of  water  which 
corresponds  in  bulk  to  that  of  the  bubble  of  air. 

All  the  data  necessary  for  calculating  the  specific  gravity  of 
the  vapour  are  thus  furnished,  as  will  be  seen  from  the  following 
example : — 

Determination  of  the  Density  of  the  Vapour  qf  Alcohol. 

BY  EXPERIMENT. 


Grains. 

1187-20 


(1)  Weight  of  the  balloon  full  of  dry  air,  at  a  pres- 

sure of  29*1  inches  barometer,  and  a  tern- ' 
peratureof57°F 

(2)  "Weight  of  the  balloon  full  of  alcohol  vapour,  ( 

sealed  at  212°,  barometer  at  29*1  inches 

(3)  Weight  of  the  balloon  with  the  water  that  entered 

on  opening  the  capillary  neck  under  water  .  J 

Cubic  Inch. 

(4)  Eesidual  air  at  67°  F.        .....         0-200 


1189-20 
8102.0 


BY  CALCULATION. 

Grains. 

By  (3)  the  weight  of  the  balloon  full  of  water  was  .        8102-0 
By  (1)  the  weight  of  the  balloon  full  of  air  was     .        1187-2 


Difference :  weight  of  the  water     ....        6914*8 

Add  Tj-T  for  the  weight  of  air  displaced  by  the )  ft  ± 

water '  .        .        .  )  0#* 
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Oubio  Indies. 
Dividing  6923*2  by  252*5,  we  obtain,  as  the  con- )      07-410 

tents  of  the  balloon,  in  cubic  inches    .        .  J 
Add  to  this  the  bulk  of  die  residual  air  .        .  0*200 


(5)  The  sum  gives  the  capacity  of  the  balloon  at  57°        27-619* 
Add  the  increase  of  volume  due  to  expansion  at )        n-043 


(6)  The  capacity  of  the  balloon  corrected  to  the )      m-am 
temperature  of  212°  becomes        .        .         J 


27*619  cubic  inches  of  air  measured  at  57°,  with ) 

barometer  at  29*1  inches,  would  become  at  >  27*083 
60°  with  barometer  at  30  inches   •        .         J 

Grains. 

And  would  weigh 8*37 

Now  (by  1)  the  weight  of  the  balloon  filled  with )  -m  q*.oa 

aryairwas J  ' 

Deduct  the  weight  of  the  air  .        .        .        .        !  8*37 

(7)  The  difference  gives  the  weight  of  the  empty )  1  ifg.go 

balloon        .                 •        .        .        .    .      J  


The  0*2  cubic  inch  of  residual  air  measured  at  57°, ) 
and  at  29*1  inches  barometer,  would  become  > 
at  212°  and  29*1  barometer  ...  ) 


(8)  And  would  weigh 


But  (by  6)  the  capacity  of  the  balloon  at  212° 
Deduct  dilated  residual  air     ...        , 


was 


Cubic  Inch. 

0*252 

Grain. 

0*06 

Cubic  Inches. 

27*662 

0*252 


The  difference  gives  the  space  occupied  by  alcohol 
vapour,  at  212°  and  29*1  barometer     . 

Now  27*41  cubic  inches  of  vapour,  measured  at  212° 
and  29*1  barometer,  if  they  could  exist  un- 
condensed  as  vapour,  at  60°,  and  at  30  inches 
barometer,  would  become    . 


27-410 
20*565 


*  Where  rigid  accuracy  is  desired,  it  is  necessary  to  calculate  the  difference  between 
the  capacity  of  the  globe  at  the  temperature  of  the  air,  and  that  at  the  temperature  at 
sealing,  and  to  add  this  difference  to  the  capacity  as  calculated  above.  When  the  tem- 
perature at  sealing  is  very  elevated,  this  correction  acquires  some  importance ;  but  it  Ss 
insignificant  in  most  cases,  more  especially  as  the  vapour  densities  obtained  by  experi- 
ment never  coincide  accurately  with  the  theoretical  results,  and  a  fair  approximation  is 
generally  all  that  is  required  to  indicate  the  state  of  condensation  of  the  constituents  of 
the  compound.  Since  the  expansion  of  flint  glass  between  82s  and  212°  is  equal  to 
0*00228866  of  its  bulk,  the  increase  in  capacity  of  the  balloon  in  the  foregoing  experi- 
ment between  57°  and  212°  is  0043  cubic  inch. 
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Grains. 
But  (by  2)  the  united  weight  of  the  balloon,  the )    11 89*20 

vapour,  and  the  residual  air  was  found  to  be  J 
Deduct  the  weight  of  the  residual  air  (8)        .        .  0*06 


The  difference  gives  the  weight  of  balloon  and)    11 89-14 

vapour J 

Deduct  the  weight  of  the  empty  balloon  (7)   .        .      1178-83 


The  difference  gives  the  weight  of  20*565  cubic )        10.31 
inches  of  alcohol  vapour  at  60°    .        •  J 

100  cubic  inches  of  alcohol  vapour  would  therefore  weigh  50*123 
grains  at  60°  and  30  inches  barometer.  Now,  100  cubic  inches 
of  air  weigh  31  grains,  at  60°  and  30  inches  barometer ;  there- 
fore, 50-123  divided  by  31  gives  1*617  as  the  specific  gravity  of 
the  vapour  of  alcohol,  from  the  foregoing  experiment. 

Dcville  and  Troost  (Comptea  R&ndus>  xlv.  821,  and  xlix.  239) 
have  extended  this  method  of  Dumas  to  the  determination  of  the 
density  of  vapours  of  bodies  of  very  high  boiling-point  They 
employ  light  vessels  of  porcelain,  instead  of  the  glass  balloon,  and 
seal  the  exit  tube  by  means  of  the  oxyhydrogen  jet.  The  con- 
stant temperature  at  which  the  density  of  the  vapour  is  deter- 
mined, is  obtained  by  placing  the  porcelain  vessel  in  the  vapour 
of  a  body  which  boils  at  a  much  higher  temperature  than  the 
substance  subjected  to  experiment ;  the  distillation  of  the  body 
which  furnishes  the  vapour-bath  being  conducted  in  vessels  of 
iron.  Boiling  mercury,  for  example,  gives  a  vapour  of  constant 
temperature  of  662°  ;  th  vapour  of  boiling  sulphur  is  estimated 
at  824°  ;  that  of  cadmium  at  1580° ;  and  that  of  zinc  at  1904°. 
But  since  the  determination  of  these  high  temperatures  is  liable 
to  some  uncertainty,  a  comparative  experiment  is  made  in  a 
separate  porcelain  vessel,  by  employing  a  substance  like  iodine, 
which  furnishes  a  very  heavy  vapour,  the  density  of  which  at 
measurable  temperatures  is  exactly  known.  The  experiments 
thus  give  the  direct  relation  between  the  density  of  the  vapour 
under  trial,  and  that  of  iodine  at  the  same  temperatures. 

§  II.  Ok  the  Equilibrium  of  Tempera.turb. 

(148)  All  bodies,  when  heated,  return  sooner  or  later  to  the 
temperature  of  surrounding  objects ;  the  tendency  of  heat  being 
constantly  to  preserve  or  recover  an  equilibrium.  This  balance 
is  restored  eitner  by  the  process  termed  conduction,  that  is,  by 
transmission  of  heat  from  particle  to  particle ;  or  by  convection, 
or  the  motion  amongst  the  particles  of  liquids  or  gases;  or  by 
radiation  between  bodies  at  a  distance  from  each  other. 

Conduction. 

(149)  If  we  place  the  end  of  a  short  strip  of  glass  and  of  a 
strip  of  metal,  of  equal  length,  in  the  flame  of  a  lamp,  we  shall 
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Boon  be  sensible  that  heat  reaches  the  fingers  more  rapidly 
through  the  metal  than  throngh  the  glass ;  and  shall  have  a  con- 
vincing proof  that  these  two  substances  differ  greatly  in  their 
power  01  conducting  heat  Of  all  known  substances,  metals 
possess  the  greatest  amount  of  conducting  power,  but  even  they 
differ  considerably  when  compared  with  each  other.  It  may  t>e 
taken  as  a  rule,  although  it  is  liable  to  numerous  exceptions,  that 
the  denser  the  body  the  better  it  conducts  heat. 

Despretz,  many  years  since,  and  Langberg,  as  well  as  Wiede- 
mann and  Franz,  more  recently,  have  published  a  series  of  ex- 
periments upon  the  relative  power  possessed  by  different  solids 
for  the  conduction  of  heat.  In  the  experiments  of  the  observers 
last  named  (Pogg.  AnnaZ.  lxxxix.  497),  bars  of  each  substance  simi- 
lar in  dimensions  were  exposed  at  one  extremity  to  a  uniform 
source  of  heat,  and  the  progress  of  the  temperature  along  each 
bar  was  measured,  at  intervals  of  2  inches,  by  means  of  a  thermo- 
electric pair.  They  concluded  that  the  conducting  power  for  heat 
in  metals  follows  the  same  order  as  their  power  of  conducting 
electricity. 

Calvert  and  Johnson  (Phil.  Trans.  1858)  have  investigated 
the  same  subject  by  a  still  more  direct  method.  Their  plan  of 
operating  consisted  in  employing  two  vessels  made  of  vulcanized 
caoutchouc,  on  account  of  its  feeble  conducting  power  for  heat 
The  bars  of  the  metals  under  trial  were  each  2*36  inches  long,  and 
0*393  inch  square.  Each  bar  in  succession  was  passed  through 
an  opening  in*  one  of  the  sides  of  each  vessel,  into  which  it  pro- 
jected one-sixth  of  its  length,  the  intervening  portion  being  cov- 
ered with  vulcanized  caoutchouc.  A  given  weight  of  cold  water 
sufficient  to  cover  the  bar  was  then  introduced  into  one  of  these 
vessels,  and  the  temperature  accurately  observed ;  into  the  other 
vessel  a  given  weight  of  water  at  about  194°  was  introduced,  and 
the  temperature  was  maintained  steadily  at  this  point  for  15 
minutes  by  the  occasional  injection  of  steam  in  sufficient  quantity. 
At  the  end  of  this  time,  the  temperature  of  the  colder  vessel  was 
noted.  A  comparison  of  the  rise  of  temperature  experienced  in 
this  vessel  when  bars  of  different  metals  were  employed  in  suc- 
cession, furnished  the  relative  conducting  power,  correction  being 
made  for  the  loss  of  heat  by  radiation  ana  transfer  from  one  ves- 
sel to  the  other  during  the  experiment.* 

•  It  is  to  be  regretted  that  the  authors  did  not  test  the  accuracy  of  their  method  bj 
repeating  their  experiments  with  bars  of  the  same  metals  of  a  different  length — say  of 
four  inches ;  they  would  no  doubt  have  then  obtained  the  same  sequence ;  but  the  ratio 
of  the  quantities  of  heat  conducted  would  probably  have  been  different  Their  numbers 
at  present  must  simply  be  regarded  as  representing  the  order  of  conductivity,  but  not 
the  conducting  power  of  the  metals. 
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Conducting  Power  for  Heat. 


Metals  Employed 


BSkHT ... 

Gold 

Gold^M* 

Boiled  Copper. 
Oast  Copper.... 
Mercury  ....••• 
Aluminum...** 
Boiled  Zinc.... 
Cadmium ...... 

Bar  Iron 

Tm 

Bteel 

Platinum. 

Sodium. 

Cast  Iron. , 

Lead 

Antimony 

Bismuth. 


divert  and  Johnson. 


Wled«mann  and 
■x         Franz. 


*C. 
BlaeofTemp. 


Sl-90 

8180 
26*80 
2696 
26-87 
21-60f 
2120 
2046 
18-40 
18-92 
18-46 
12-65 
12-15 
11-65 
11-45 
917 
6*85 
1-95 


Maan  Conductivity. 
Stiver  =  1000. 


1000 
981- 
840 
846 
811 
677 
665 
641 
677 
486 
422 
897 
880 
865 
859 
287 
215 
61 


1000 
582 

786 


119 

145 

116 

84 


86 

18 


The  preceding  table  gives  some  of  the  results  obtained  in 
this  way,  compared  with  those  of  Wiedemann  and  Franz. 

In  the  experiments  of  Calvert  and  Johnson,  the  platinum, 
aluminum,  iron,  and  sodium  employed,  were  ordinary  commer- 
cial samples ;  the  other  metals  are  believed  to  have  been  chemi- 
cally pure.  The  purity  of  the  metals  is  indeed  a  point  of  great 
importance,  as  the  presence  of  small  quantities  of  foreign  metals 
or  other  substances  greatly  impairs  the  conducting  power  of  the 
mass.  Thus  it  was  found  that  gold  when  alloyed  with  1  per 
cent,  of  silver,  lost  nearly  20  per  cent,  of  its  conducting  power. 

Alloys  of  tin  and  lead,  and  lead  and  zinc,  were  found  to  con- 
duct in  the  ratio  of  the  mean  conductivity  of  the  two  metals,  and 
these  alloys  were  found  by  Matthiessen  to  conduct  electricity  in 
like  manner,  forming  an  exception  to  the  generality  of  the  alloys. 

Borne  alloys  of  good  and  bad  conductors,  with  the  inferior 
conductors  in  excess,  give  a  conductivity  no  higher  than  that  of 
the  inferior  metal ;  bronze,  for  example,  and  the  alloys  CuSn,,- 
CuSnt,  conduct  no  better  than  tin.  The  presence  of  carbon  di- 
minishes the  conductivity  of  iron.  If  that  of  silver  be  taken  as 
1000,  malleable  iron,  steel,  and  cast  iron  will  be  represented 
thus: — 

Malleable  iron 436 

Steel 897 

Cast  iron 359 

It  is  principally  owing  to  differences  in  conducting  power  that 

f  Manifestly  this  is  erroneous ;  probably  the  apparent  very  high  rate  for  mercury  la 
doe  to  the  convectbre  currents  established  in  the  fluid  metal,  which  were  not  counter- 

14 
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bodies  at  the  same  temperature  excite  when  touched  very  differ- 
ent sensations  of  heat  or  of  cold.  A  piece  of  metal  feels  much 
hotter  or  colder  than  a  piece  of  wood  heated  to  the  same  degree, 
because  the  metal,  from  its  superior  power  of  conduction,  accord- 
ing as  it  is  above  or  below  the  temperature  of  the  hand,  imparts 
heat  or  receives  it  more  quickly  than  the  wood. 

This  property  of 'conduction  is  possessed  by  liquids  in  a  very 
limited  degree.  On*  filling  a  test-tube  with  water,  and  holding 
it  by  the  lower  part,  whilst  the  top  of  the  tube  is  placed  across 
the  flame  of  a  spirit  lamp,  the  water  at  the  top  of  the  tube  may 
be  kept  boiling  for  many  minutes  without  occasioning  the  slight- 
est inconvenience  to  the  person  who  holds  it.  Gases  are  inferior 
even  to  liquids  in  conducting  power ;  hence  it  is  that  porous 
bodies,  such  as  wool,  fur,  and  eider-down,  which  imprison  large 
bodies  of  air  within  them,  are  so  well  adapted  for  winter  clothing, 
by  preventing  the  escape  of  the  heat  of  the  bod  v  outwards.  For 
die  same  reason,  chiefly,  the  employment  of  double  doors  and 
windows,  which  include  a  layer  of  air  between  them,  is  so  useful 
in  preventing  the  heat  of  our  apartments  from  escaping  out- 
wards ;  or,  as  in  the. case  of  fire-proof  boxes  and  ice-houses,  in 
preventing  that  of  the  outer  atmosphere  from  penetrating.  In  a 
similar  manner  snow  preserves  the  warmth  01  the  earth  during 
the  rigour  of  winter.  There  seem,  however,  to  be  differences  in 
the  conducting  power  even  of  gases  for  heat.  Magnus  considers 
that  the  conducting  power  ot  hydrogen  surpasses  that  of  all 
other  gases,  and  it  is  increased  by  increasing  the  density  of  the 
hydrogen  employed.  In  his  experiments  he  placed  a  thermome- 
ter at  the  lower  part  of  a  glass  cylinder,  which  could  be  deprived 
of  air,  and  filled  successively  with  the  various  gases  under  trial. 
The  upper  part  of  the  cylinder  was  then  heatedly  means  of  boil- 
ing water.  The  temperature  of  the  external  air  was  uniformly  at 
59  ,  during  the  course  of  the  experiment,  and  care  was  taken  to 
protect  the  apparatus  from  the  disturbing  influence  of  radiation ; 
the  temperature  rose  higher  when  hydrogen  was  employed  than 
when  any  other  gas  was  admitted. 

The  rapid  change  of  particles  of  air  which  are  in  contact  with 
the  body,  dv  the  action  of  a  wind,  renders  the  human  frame 
much  less  able  to  bear  cold  in  a  windy  than  in  a  still  atmos- 
phere. Voyagers  in  the  Arctic  regions  found  that,  if  properly 
clad,  they  could  endure  in  a  still  air,  a  temperature  of — 55  F. : 
while  at  0°  with  a  brisk  wind,  it  was  impossible  to  face  the 
breeze  with  safety.  A  parallel  case  occurs  in  liquids :  the  hand 
mav  with  impunity  be  kept  stationary  in  water  of  a  temperature 
so  nigh,  that  if  the  hand  were  in  motion,  severe  pain  would  be 
occasioned. 

Many  familiar  contrivances  for  preventing  the  escape  of  heat, 
and  for  facilitating  the  employment  of  hot  bodies,  depend  upon 
the  use  of  inferior  conductors  of  heat ;  thus  a  layer  of  charcoal 
is  generally  interposed  between  the  case  of  the  furnace  and  its 
fire-clay  lining,  in  order  to  confine  the  heat.  The  kettle-holder 
is  for  this  reason  used  to  protect  the  hand  from  the  heat  of  the 
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metal ;  whilst  the  handles  of  teapots  are  insulated  from  the  hot 
metal  by  non-conducting  pieces  of  ivory.  Wicker-work  or  mat- 
tins  is  placed  under  hot  dishes  to  separate  them  from  the  dinner- 
table  by  badly  conducting  substances. 

Much  of  tne  economy  of  fuel  depends  upon  a  judicious  appli- 
cation of  these  principles.  An  instructive  illustration  of  their  im- 
portance is  exhibited  in  the  manner  in  which  heat  may  be  econ- 
omized by  an  appropriate  construction  of  the  boiler  of  a  steam- 
engine.  The  form  which  answers  this  purpose  most  perfectly  is 
that  which  is  known  as  the  Cornish  boiler.  Fig.  117  shows  a 
transverse  section  of  this  boiler ; 
it  consists  of  two  cylinders  placed 
one  within  the  other ;  between 
the  two  is  the  space  for  the  wa- 
ter: the  interior  cylinder  con- 
tains the  fire-grate,  ash-pit,  and 
the  first  portion  of  the  flue :  the 
heat,  which  would  otherwise  be 
conducted  away  by  the  fire-bars, 
and  by  the  masonry  of  the  ash- 

Eit,  is  thus  economized,  and  the 
eated  products  of  combustion 
pass  through  the  boiler  for  its 
whole  length,  which  is  some- 
times as  much  as  40  or  even  60 
feet;  the  hot  air  then  returns 
along  the  outside  of  the  boiler  towards  the  fireplace,  and  once 
more  passes  underneath  the  boiler  before  it  finally  reaches  the 
chimney,  c.  Loss  of  heat  from  the  outer  surface  ot  the  boiler  is 
prevented  by  covering  it  with  a  layer  of  badly  conducting  mate- 
rial. In  the  boiler  of  the  locomotive,  where  a  stronger  draught 
is  necessary,  the  fireplace  is  surrounded  at  top  and  on  its  two 
sides  by  a  double  casing  containing  water,  and  the  hot  air  from 
the  furnace  passes  through  the  length  of  the  boiler  by  a  number 
of  small  tubes,  which  open  at  one  end  into  the  fireplace,  at  the 
other  into  the  chimney.  Loss  of  heat  from  the  external  surface  is 
here  also  prevented  by  casing  the  boiler  in  some  non-conducting 
material,  such  as  felt,  which  is  usually  covered  with  wood. 

(ISO).  Inequality  in  the  Rate  of  Conduction  m  different  Direc- 
tions.— The  researches  of  De  Senarmont  (Ann.  de  Chimie,  III. 
xxi.  457,  and  xxii.  179)  have  shown  that  although  the  conduct- 
ing power  of  solids  which  are  homogeneous  throughout,  and  of 
crystals  which  belong  to  the  regular  system,  is  uniform  in  every 
direction,  yet  that  in  all  crystals  which  do  not  belong  to  the  regu- 
lar system  the  conducting  power  varies  in  different  directions, 
according  to  the  relation  of  the  direction  to  that  of  the  optic  axis 
of  the  crystal.  The  fundamental  fact  is  easily  demonstrated  by 
taking  two  slices  of  quartz,  one  cut  parallel  to  the  axis  of  the 
prism,  the  other  cut  at  right  angles  to  that  axis ;  through  the 
centre  of  each  plate  a  small  conical  aperture  is  drilled  for  the 
reception  of  a  silver  wire,  one  end  of  which  can  be  heated  in  a 
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flame,  and  which,  by  its  conducting  power,  acts  as  a  uniform 
central  source  of  heat.    If  previously  to  the  application  of  heat 
the  surfaces  of  the  crystal  be  coated  with  bees -wax,  the  wax  in 
the  plate  cut  across  the  axis  (fig.  118, 1),  will  be  melted  in  the 
form  of  a  circle,  of  which  the  wire  occupies  the 
centre ;  whilst  on  the  other  plate  the  wax  will 
be  melted  in  the  form  of  an  ellipse,  the  two 
diameters  of  which  are  as  1000  :  1312,  the  long 
axis  coinciding  with  the  direction  of  the  optic 
axis  of  the  crystal  (fig.  118,  2)  showing  that  the 
conducting  power  ifc  greater  in  this  direction  than 
in  one  at  right  angles  to  it :  whilst  the  circular 
form  of  the  melted  wax  in  the  first  experiment 
shows  the  uniformity  with  which  heat  is  propa- 
gated in  all  directions  around,  and  parallel  to, 
the  axis  of  symmetry.      In  crystals  with  two 
optic  axes,  the  results,  although  more  compli- 
cated, present  the  same  intimate  connexion  with 
the  direction  of  those  lines  within  the  crystal. 
Bodies  which  are  not  crystalline  also  exhibit  an 
inequality  in  their  power  of  conducting  heat  in 
different  directions,  when  their  molecular  struc- 
ture is  altered  by  unequal  tension  or  pressure. 
Unannealed  glass,  and  plates  of  glass  subjected 
to  compression  upon  their  edges,  exhibit  these  phenomena,  the 
shorter  axis  of  the  ellipse  being  in  the  line  of  pressure  or  of 
greatest  density. 

Delarive  and  Decandolle  have  shown  that  similar  differences 
in  conducting  power  occur  in  wood,  which  conducts  much  better 
with  the  grain  than  across  it ;  that  is,  better  in  a  direction  paral- 
lel to  the  fibres,  than  across  them.  Tyndall  has  not  only  con- 
firmed this  fact,  but  has  also  proved  that  heat  passes  rather  more 
rapidly  in  a  direction  from  the  external  surface  towards  the  cen- 
tre, a  b  (fig.  119),  than  it  does  in  a  direction 
?arallel  with  the  ligneous  rings,  c  d  (PhiL 
nr<m%.  1853,  p.  226)  ;  the  greatest  conduct- 
ing power  coinciding  with  the  direction  of 
greatest  porosity  and  readiest  cleavage. 
The  heaviest  woods  are  not  always  the  best 
conductors.  American  birch,  though  very 
light,  conducts  better  than  oak,  which  is 
much  denser,  and  far  better  than  ironwood, 
which  has  the  unusual  density  of  1*426. 

Convection  of  Seat. 

(151)  Although  the  power  of  conducting  heat  possessed  by 
liquids  and  gases  is  very^  small,  yet  they  admit  of  being  rapidly 
heated  by  a  process  of  circulation  or  convection,  which  depends 
upon  the  free  mobility  of  the  particles  that  compose  them* 
when  heated,  each  particle  expands,  and  becomes  for  the  time 
specifically  lighter.    If  the  heat  be  applied  at  the  bottom  of  a 
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large  flask  nearly  filled  with  water,  into  which  a  little  bran  has 
been  thrown  to  enable  the  eve  to  follow  the  motion  occasioned, 
tie  heated  and  lighter  particles  will  be  seen  by  the  motion  of  Hie 
bran  to  ascend,  while  their  place  is  supplied  by  fresh  particles 
from  the  sides ;  these  in  turn  come  into  contact  with  the  heated 
glass  at  the  bottom,  and  they  again  make  way  for  colder  por- 
tions. An  ascending  current,  as  shown  in 
fig.  120,  is  thus  established  up  the  middle,  Re*  120. 

and  descending  currents  flow  down  the  sides 
of  the  flask,  which  are  kept  cool  by  the  air. 
Anything  that  checks  this  free  circulation, 
and  occasions  viscidity  in  the  liquid,  im- 
pedes the  distribution  of  heat.  Porridge 
or  starch,  during  the  boiling,  requires  to  be 
constantly  stirred,  for  the  purpose  of  pre- 
senting fresh  surfaces  to  the  source  of  heat, 
and  ot  preventing  the  portions  in  contact 
with  the  hot  bottom  of  the  vessel  from  be- 
coming overheated  and  *  burned.' 

The  motion  thus  communicated  by  heat 
to  liquids,  has  been  ingeniously  applied  to  the  warming  of  build- 
ings, by  the  circulation  of  hot  water  in  pipes.  One  of  the  most 
effective  methods  will  be  understood  by  examining  fig.  121, 
which  represents  Perkins's  arrangement 
for  heating  by  means  of  hot  water  at  a 
high  pressure.  In  its  simplest  form  it 
consists  of  a  continuous  wrought-iron 
pipe,  1  inch  in  diameter  externally,  with 
a  bore  half  an  inch  in  diameter.  The 
pipe  is  completely  filled  with  water  at  p 
and  closed  by  a  plug.  The  apparatus  is 
provided  with  a  chamber  at  e,  of  about 
a  fifth  or  a  sixth  the  capacity  of  the  entire 
tube,  to  allow  for  expansion,  this  chamber 
being  left  empty.  t  About  a  sixth  of  the 
entire  length  of  tHe  pipe  is  coiled  up  at  f 
o,  and  is  heated  by  a  fiirnace,  which  is  of 
necessity  placed  m  the  basement  of  the 
building.  At  s  s,  s  s,  other  coils  are 
formed  upon  the  pipe  as  it  passes  through 
the  different  apartments  wnich  are  to  be 
heated.  The  course  of  the  water  is  indi- 
cated by  arrows.  The  hot  water,  mixed 
with  bubbles  of  steam,  passes  off  from  the 
upper  part  of  the  fire  coil,  f  o,  ascends  by 
the  pipe,  a  a,  to  the  highest  part  of  the 
building ;  it  then  flows  off  on  either  side 
through  the  heating  coils,  s  s,  s  s,  and  re- 
turns by  the  pipes,  c  c,  which  unite  into  one  before  delivering 
the  cooled  water  to  the  bottom  of  the  fire  coil,  f  o.    s  *,  e  $  are 
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stop-cocks  for  arresting  the  current  through  any  one  of  the  beat- 
ing COils,  8  8,  8  8. 

The  importance  of  the  exception  in  the  case  of  water  to  the 
regularity  of  expansion  (143),  in  connexion  with  these  circulatory 
movements  will  now  be  perceived.  During  the  frosts  of  winter 
a  rapid  process  of  cooling  goes  on  from  the  surface  of  the  earth 
and  of  onr  lakes  and  rivers :  the  colder  water  sinks  to  the  bot- 
tom, fresh  portions  being  supplied  from  below,  until  the  whole 
has  reached  the  temperature  of  40°  ;  below  this  point  the  colder 
water  being  the  lignter  remains  at  the  top,  thus  protecting  the 
mass  beneath  from  further  reduction  of  temperature  by  its  in- 
ferior conducting  power,  and  preventing  such  a  reduction  at  any 
considerable  depth  as  would  be  fatal  to  the  animals  which  it  con- 
tains. Ice,  too,  being  lighter  than  water,  floats  upon  the  surface, 
and  thus  the  bottoms  of  our  rivers  are  protected  from  the  accu- 
mulations of  frozen  water,  otherwise  inevitable ;  and  which  in 
subsequent  summer  heat  would  never  suffice  to  melt,  or  even  to 
reach  from  the  surface.  In  the  ocean,  where  the  maximum  of 
density  occurs  below  82°,  the  depth  is  so  great  that,  excepting 
near  the  polar  circles,  the  low  temperature  does  not  last  sufficient- 
ly long  to  reduce  the  entire  mass  to  a  degree  injurious  to  animal 
life, 

(152)  Currents  in  Oases —  Ventilation. — The  motions  produced 
in  eases  by  the  expansive  action  of  heat  are  still  more  obvious 
ana  extensive  than  those  occasioned  by  it  in  liquids.  The  taper- 
ing form  of  flame  is  due  to  an  expansion  of  the  air,  accompanied 
by  a  powerful  upward  current,  produced  by  the  heat  with  which 
it  is  attended.  A  body  of  heated  air  confined  in  a  light  envelope 
possesses  considerable  ascensional  power,  and  constitutes  the  or- 
dinary fire  balloon ;  it  was,  indeed,  by  means  of  such  a  balloon 
that  the  first  aeronautic  excursion  on  record  took  place. 

The  application  of  the  currents  produced  in  air  by  differences 
of  temperature  to  the  ventilation  of  our  dwellings  is  a  subject  of 
great  practical  importance.  The  draught  produced  in  the  chim- 
ney is  due  to  the  heat  derived  from  the  fire,  which  dilates  the 
air  in  the  flue  above  it,  and  renders  it  specifically  lighter :  it  con- 
sequently rises  in  the  shaft,  and  the  longer  the  cnimney  the  more 
powerful  is  the  draught.  Suppose  the  temperature  in  the  chim- 
ney to  be  on  the  average  of  its  length  50°  above  that  of  the  outer 
air,  which  may  be  assumed  to  be  at  41°  ;  the  dilatation  of  air  for 
each  1°  F.  is  T*T  of  its  bulk  at  41°,  the  column  of  air  in  the 
chimney  will  therefore  be  dilated  jVm  or  tV«  A  column  of  such 
heated  air,  22  feet  high,  which  we  will  assume  as  the  length  of 
the  chimney,  would  therefore  only  balance  a  column  of  20  feet  in 
height  at  the  temperature  of  the  outer  air,  and  the  ascensional 
force  of  the  heated  air  would  be  that  due  to  the  difference  in 
weight  between  the  22  feet  of  warm  air  and  22  feet  of  colder  air, 
or  equal  to  a  pressure  of  a  column  of  the  colder  air  2  feet  in 
height.  Air  must,  however,  be  supplied  to  the  lower  opening,  in 
order  to  allow  the  equilibrium  to  De  restored ;  and  if  the  com- 
munication of  the  apartment  with  the  outer  air  be  insufficient  (as 
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when  the  doors  and  windows  are  carefully  closed  and  listed 
down,  to  exclude  the  draughts  of  cold  air  that  rush  in  at  every 
crevice  to  furnish  that  required  to  feed  the  chimney),  air  will 
enter  at  the  top  of  the  chimney ;  just  as  when  a  bottle  full  of  air 
is  plunged  with  its  mouth  upwards  under  water,  the  water  enters 
at  the  mouth,  whilst  the  air  escapes  in  gushes  or  bubbles.  The 
eonsequence  of  cold  air  entering  at  the  top  of  the  chimney  will 
be,  that  it  pours  down  into  the  room,  and,  as  a  necessary  result, 
the  chimney  smokes.  If  the  door  or  the  window  be  opened,  how- 
ever, the  annoyance  ceases.  In  a  room  properly  ventilated,  the 
requisite  supply  of  fresh  air  will  enter  freely,  without  the  neces- 
sity of  setting  the  door  open. 

In  ventilating  a  room,  it  must  be  remembered  that  the  air 
which  has  been  used,  and  which  requires  renewal,  has  become 
heated  by  respiration  and  by  the  burning  of  lamps  or  candles ;  it 
therefore  rises  and  accumulates  in  the  upper  part  of  the  room. 
This  is  easily  seen  by  opening  the  door  of  a  heated  apartment 
and  holding  a  candle  near  the  upper  part  of  the  doorway  ;  if  the 
window  be  pot  open,  a  current  will  generally  be  found  blowing 
the  flame  from  the  room.  Midway  down,  the  flame  will  be  sta- 
tionary, while  near  the  floor  it  will  be  blown  strongly  into  the 
room.  In  this  experiment  the  lighter  heated  air  flows  out  above, 
while  the  heavier  cold  air  supplies  its  place,  by  entering  at  the 
lower  part  of  the  room.  It  is  for  this  reason  advisable  always  to 
make  apertures  for  the  escape  of  heated  air  near  the  ceiling ;  but 
it  must  be  remembered  that  no  ventilation  can  be  effectual  which 
does  not  provide  for  the  entrance  of  fresh  air,  which  may  be  pre- 
viously warmed  or  not,  and  which  is  best  admitted  at  the  lower 
part  of  the  room.  In  cases  where  there  is  a  sufficient  height  of 
chimney,  a  contrivance  of  Dr.  Arnott's  is  a  valuable  auxiliary  to 
the  ventilation ;  it  consists  of  a  balanced  valve,  opening  into  the 
chimney,  whilst  any  momentary  downward  draught  occasioned 
by  the  sudden  shutting  of  the  door,  or  otherwise,  causes  the  valve 
to  close,  and  thus  to  prevent  the  escape  of  smoke  into  the  room. 

The  velocity  of  the  currents  produced  by  heat,  and  the  rate 
of  cooling  effected  by  them  upon  a  thermometer  heated  up  to  a 
determinate  point,  vary  in  different  gases,  being  more  rapid 
the  lighter  the  gas.  In  hydrogen  the  rate  of  cooling  is  much 
more  rapid  than  in  air,  while  in  carbonic  acid  it  is  considerably 
less  rapid. 

(153)  Trade  Winds. — The  processes  of  circulation  produced 
by  heat  in  liquids  and  gases,  wnch  have  just  been  described,  oc- 
cur upon  a  vast  scale  in  the  atmosphere  and  in  the  ocean.  The 
important  phenomena  of  the  trade  winds  arise  from  movements 
which  originate  from  these  causes.  The  temperature  of  the  sur- 
face of  the  earth  not  being  uniform,  but  being  highest  within  the 
tropics  and  lowest  at  the  poles,  the  air  near  the  equator  rises  in 
temperature,  it  becomes  expanded,  grows  specifically  lighter,  and 
therefore  ascends,  its  place  Deing  supplied  by  cooler  air  from  the 
parts  adjacent,  but  nearer  to  the  poles.  The  heated  equatorial  air 
rises  to  a  certain  point,  and  then  falls  over  to  supply  the  place  of 
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the  cooler  air  just  conveyed  from  the  neighbouring  regions.  In 
consequence  of  these  actions,  the  air  upon  the  surface  of  the 
earth  is  continually  moving  from  the  poles  towards  the  equator, 
and  above  this  current  is  another  proceeding  in  the  contrary 
direction,  from  the  equator  towards  the  poles.  The  lower  current, 
which  is  steadily  felt  on  each  side  of  the  equator  through  at  least 
80°  of  latitude,  is  of  the  utmost  importance  to  navigation,  and 
forms  what  are  called  the  trade  winds.  The  upper  current  does 
not  admit  of  being  so  accurately  traced,  but  there  is  satisfactory 
proof  of  its  existence.  The  summits  of  many-intertropical  moun- 
tains, such  as  the  Peak  of  Teneriffe,  12,180  feet  high,  and  Mouna 
Kea,  in  the  Sandwich  Islands,  18,400  feet  in  height,  are  suffi- 
ciently elevated  to  reach  into  the  upper  current ;  and  at  the  top 
of  these  mountains  a  strong  sputh-westerly  wind  blows  contin- 
ually, whilst  the  north-east  trade  wind  is  blowing  at  the  base. 
If  the  earth  were  stationary,  these  currents  would  set  due  north 
and  south.  The  surface  of  the  globe,  however,  is  revolving  from 
west  to  east,  at  the  average  rate  of  980  miles  per  hour  in  its  equar 
torial  part,  and  the  rapidity  of  motion  gradually  diminishes 
towards  the  poles;  at  which  points  the  motion  almost  vanishes. 
Air,  therefore,  which  flow6  towards*  the  equator  from  the  poles, 
is  moving  more  slowly  than  those  regions  of  the  earth  towards 
which  it  advances.  Since,  however,  the  objects  upon  the  surface 
partake  of  the  motion  of  the  earth  at  the  particular  spot  on  which 
they  rest,  and  as  therefore  the  earth's  motion  is  not  perceptible, 
the  effect  of  a  wind  travelling  more  slowly  in  the  same  direction 
as  that  in  which  the  earth  is  moving  would  be  precisely  the  same 
as  that  of  a  current  blowing  in  the  opposite  direction,  with  a 
velocity  equal  to  the  difference  between  the  rates  of  the  two 
motions,  supposing  the  earth  to  be  at  rest:  consequently  the 
wind  from  the  north  has  a  set  from  the  east,  which  diminishes  as 
it  approaches  the  equator,  where  the  motion  of  the  successive 
portions  of  the  surface  becomes  more  uniform.  From  the  opera- 
tion of  these  causes  the  north-east  is  one  of  the  most  prevalent 
winds  in  our  climate.  For  similar  reasons,  the  equatorial  current 
towards  the  poles  sets  in  a  direction  from  the  west,  and  retains 
its  course  when  it  comes  down  to  the  surface,  which  it  does  at 
and  about  our  latitude,  occasioning  the  westerly  winds  which 
prevail  in  these  islands  so  generally  at  certain  seasons. 

The  land  and  sea  breezes  which  occur  morning  and  evening 
along  the  coasts  of  tropical  countries,  are  due  to  the  action  of 
analogous  causes.  During  the  early  part  of  the  day,  the  surface 
of  the  land,  from  the  action  of  the  sun's  rays  becomes  more 
heated  than  the  ever-moving  ocean ;  the  air  above  it  expands  and 
rises,  whilst  its  place  is  supplied  by  cooler  air  from  the  ocean — 
this  constitutes  the  sea  breeze  :  whereas,  in  the  evening,  after  sun- 
set, the  land  cools  more  rapidly  than  the  ocean,  and  the  air  rest- 
ing upon  it  contracts  in  bulk,  and  becoming  heavier,  flows  out 
during  the  night  upon  the  sea,  and  produces  the  land  'breeze. 

(154)  Gulf  /Stream. — Similar  currents,  of  equal  constancy  and 
regularity,  exist*  in  the  ocean,  but  they  are  modified  in  their  direo- 
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tion  by  the  general  distribution  of  land  and  water  on  the  earth's 
surface.  That  part  of  the  ocean  which  is  immediately  under  the 
tropics,  and  between  the  eastern  and  western  hemispheres,  for 
example,  becomes  highly  heated ;  the  water  flows  oft  on  either 
side,  towards  the  poles,  acquiring  a  westerly  direction  as  it  passes 
south  of  the  coast  of  Guinea,  and,  striking  the  promontoiy  of 
.Cape  St.  Roque,  on  the  South  American  coast  is  split  into  two 
streams;  the  smaller  one  continues  southwards,  towards  Cape 
Horn;  the  larger  current  maintains  a  north-westerly  course  in 
the  Gulf  of  Mexico,  where  it  receives  further  accessions  of  heat, 
and  is  gradually  changed  in  its  direction;  it  passes  along  the 
southern  shores  of  North  America,  and  finally  emerges  north- 
ward, in  the  narrow  channel  between  the  peninsula  of  Florida 
and  the  Bahama  Islands,  where  it  assumes  the  name  of  the  Gulf 
Stream.  The  temperature  of  this  current  is  found  to  be  9°  or  10° 
higher  than  that  of  .the  neighbouring  ocean.  The  current  passes 
on,  gradually  widening  ana  becoming  less  marked,  till  it  is  lost 
on  the  western  shores  of  Europe.  A  less  accurately  defined  un- 
der-current, from  the  poles,  is  constantly  setting  in  towards  the 
equator,  to  supply  the  place  of  the  heated  water  which  takes  the 
course  already  described.  Besides  rendering  important  aid  to 
the  navigator,  these  currents  assist  in  maintaining  an  equilibrium 
of  temperature  on  the  earth,  moderating  the  severity  orthe  polar 
frost,  and  tempering  the  sultry  heats  of  the  tropics.  One  cause 
of  the  comparative  mildness  of  our  own  winters  is  the  warmth  of 
the  Gulf  Stream. 

Radiation  of  Heat. 

(155)  A  person  placed  in  bright  sunshine,  or  before  a  blazing 
fire,  must  perceive  that  in  addition  to  the  gradual  mode  of  prop- 
agation from  particle  to  particle,  heat  is  endowed  with  the  racul- 
ty  of  traversing  space,  and  transparent  media  Buch  as  the  atmos- 
phere. This  transmission  of  heat  occurs  in  right  lines,  with  a 
velocity  equal  to  that  of  light  itself;  in  fact,  in  this  mode  of  prop- 
agation it  follows  the  same  laws  as  light,  and  like  all  radiant 
forces  it  diminishes  in  intensity  as  the  square  of  the  distance  from 
the  active  centre. 

The  great  supply  of  heat  to  the  earth  from  the  sun  is  trans- 
mitted by  the  process  of  radiation.  Some  idea  of  the  amount  of 
heat  thus  received  by  the  earth  may  be  formed  from  a  rough  cal- 
culation made  by  Faraday,  to  the  effect  that  the  average  amount 
of  heat  radiated  in  a  summer's  day  upon  each  acre  of  land  in  the 
latitude  of  London,  is  not  less  than  that  which  would  be  emitted 
in  the  combustion  of  sixty  sacks  of  coal. 

Heat,  in  its  radiant  state,  does  not  raise  the  temperature  of 
the  media  which  it  traverses :  a  tube  full  of  ether  may  be  held  in 
the  focus  of  a  burning  mirror  without  becoming  sensibly  hotter; 
but  the  moment  that  the  absorption  of  the  rays  is  caused  in  any 
way,  as  by  introducing  a  bit  of  charcoal  into  the  liquid,  the  ether 
enters  into  ebullition  and  is  dissipated  in  vapour. 

(156)  Reflection  of  Heat. — Polished  objects  reflect  the  greater 
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part  of  the  heat  which  falls  upon  them ;  the  reflected  and  inci- 
dent rays  are  always  in  the  same  plane,  and  the  angles  which  they 
make  with  a  perpendicular  to  the  reflecting  surface  are  always 
equal.  By  means  of  concave  mirrors,  the  rays  of  heat,  like  those 
of  light,  may  be  brought  to  a  focus,  and,  if  sufficiently  intense, 
they  will  ignite  combustible  substances  placed  there.  The  law 
of  the  reflection  of  heat  may  be  roughly  demonstrated  by  holding 
a  flat  sheet  of  tin-plate  in  such  a  position  before  a  common  fire 
that  the  light  of  tne  fire  may  be  reflected  from  it,  whilst  the  ob- 
server is  screened  from  the  direct  rays;  the  sensation  of  heat  will 
be  perceptible  upon  the  face  the  moment  that  the  reflection  of 
the  fire  is  seen.  The  same  fact  may  be  shown  in  a  still  more 
striking  manner  by  means  of  two  similar  concave  parabolic  mir- 
rors (fig.  122,  page  219)  arranged  opposite  each  other,  at  the  dis- 
tance of  10  or  12  feet  or  more.  If  a  lighted  candle  be  placed  in 
the  focus  of  one  of  the  mirrors,  the  rays  wijl  fall  upon  its  con- 
cave surface,  and  thence  be  reflected  in  parallel  lines  to  the  sur- 
face of  the  second  mirror,  from  which  they  will  be  a  second  time 
reflected,  and  will  converge  at  its  focus ;  a  luminous  root  being 
formed  upon  a  piece  of  paper  held  in  this  position.  If  for  this 
paper  one  of  the  balls  of  a  differential  thermoscope  (135)  be  sub- 
stituted, the  expansion  of  the  air  in  that  bulb  will  afford  evidence 
that  the  heat  as  well  as  the  light  is  reflected.  That  the  rays  take 
the  course  described,  and  which  is  represented  in  the  diagram, 
and  that  they  do  not  act  upon  the  instrument  by  direct  radiation, 
is  shown  by  interposing  a  small  tin-plate  screen  between  the 
second  mirror  and  the  thermometer :  in  this  case  the  liquid  imme- 
diately becomes  stationary;  while,  if  the  screen  be  placed  be- 
tween the  instrument  ana  the  candle,  no  sensible  effect  is  pro- 
duced. 

If,  instead  of  a  candle,  a  red-hot  ball  be  placed  in  the  focus  of 
the  firet  mirror  paper  may  be  scorched,  ana  gunpowder  or  phos- 
phorus inflamed  in  the  focus  of  the  second.  Heat,  however,  is 
emitted  in  the  form  of  rays  from  bodies,  whether  such  bodies  be 
luminous  or  not.  A  canister  of  boiling  water  may  be  substituted 
for  the  candle  or  the  red-hot  ball,  and  the  heat  which  it  emits, 
although  less  intense,  will  be  concentrated  by  the  opposite  mirror 
equally  well. 

(157)  Absorption  of  Seat. — Different  substances  reflect  heat 
unequally.  Polished  metals  possess  the  power  of  reflection  in  the 
highest  degree,  bat  even  the  metals  differ  considerably  in  reflect- 
ing power.  Melloni,  from  his  experiments,  has  concluded  that 
of  100  rays,  silver  reflects  90 ;  bright  lead  reflects  60 ;  whilst 
glass  reflects  but  10. 

By  scratching  the  surface  of  a  body  it  reflects  heat  irregularly, 
in  the  same  way  that  a  sheet  of  white  paper  scatters  the  lignt 
which  it  reflects ;  and  by  coating  the  surface  more  or  less  com- 
pletely with  lamp-black,  the  amount  of  heat  which  is  reflected 
may  be  diminished  in  a  degree  proportioned  to  the  alteration  of 
the  surface.  In  this  case,  that  portion  of  the  heat  which  is  not 
reflected  is  absorbed.     When  the  heat  is  all  reflected,  the  tern- 
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perature  of  the  body  remains  unaltered;  bat  when  absorption 
takes  place,  the  temperature  rises  in  proportion  to  the  quantity 
of  heat  which  is  absorbed.  This  difference  may  be  exhibited  by 
placing  a  lighted  taper  in  the  focus  of  one  of  the  mirrors,  and 
employing  in  the  second  focus  a  differential  thermoscope,  one 
ball  of  which  is  gilt,  and  the  other  ball  covered  with  lamp-black. 
On  placing  the  gilt  ball  in  the  focus,  scarcely  any  motion  of  the 
liquid  in  the  stem  is  perceived ;  but,  on  reversing  the  balls,  al- 
though the  amount  of  heat  which  falls  on  the  instrument  is  no 
greater  than  before,  the  liquid  descends  rapidly :  in  the  first  case, 
the  heat  is  for  the  most  part  reflected ;  in  the  second  it  is  ab- 
sorbed, and  the  temperature  consequently  rises. 

A  similar  result  may  be  obtained  oy  taking  two  bright  tin 
plates,  and  coating  one  surface  of  one  of  them  with  lamp-black. 
On  placing  them  in  a  vertical  position,  with  a  hot  iron  ball  mid- 
way between  the  two  plates  but  not  touching  either  of  them,  the 
blackened  surface  being  directed  towards  the  source  of  heat,  it 
will  be  found  that  the  blackened  plate  becomes  heated  by  ab- 
sorption, while  the  other  remains  cool :  this  may  be  shown  by 
causing  a  cork  to  adhere  to  the  outer  surface  of  each  plate,  by 
means  of  a  little  wax  or  pomatum  ;  the  wax  will  melt  upon  the 
blackened  plate,  and  the  cork  will  fall  from  it  much  sooner  than 
from  the  bright  one. 

The  power  of  reflection  seems  to  reside  almost  exclusively  in 
the  surface  of  the  body.  A  film  of  gold  leaf,  not  exceeding 
tttWt  inch  in  thickness,  answers  the  purpose  of  a  reflector  near- 
ly as  well  as  a  mass  of  solid  gold ;  since  a  sheet  of  paper  partial- 
ly gilt,  if  held  within  a  short  distance  of  a  mass  of  red-hot  metal, 
will  become  scorched,  excepting  in  those  points  which  are  pro- 
tected by  the  metallic  film.  The  absorbing  power  of  a  substance 
is  inversely  proportioned  to  its  power  of  renecting  heat ;  therbest 
reflectors  are  the  worst  absorbents,  and  vice  v&rsd.  As  is  the  case 
with  light,  so  it  is  found  with  radiant  heat,  that  the  greater  the 
angle  of  incidence  the  more  complete  is  the  reflection. 

(158)  Connexion  letween  Absorption  and  Mediation. — The 
experiments  of  Leslie  have  proved  the  existence  of  an  important 
connexion  between  the  absorbing  and  the  radiating  powers  of  the 
same  substance ;  they  are  in  all  cases  directly  proportioned  to 
each  other.  The  great  ditersity  of  radiating  power  possessed  by 
different  substances  may  be  exemplified  by  the  following  experi- 
ments. Let  a  cubic  canister  of  tin  plate  have  one  of  its  sides 
covered  with  lamp-black,  and  a  second  side  with  writing  paper, 
let  a  third  be  scratched  in  various  directions,  and  let  the  fourth 
remain  polished.  On  placing  the  canister,  filled  with  hot 
water,  in  the  focus  of  one  mirror,  and  a  thermoscope  in  the  focus 
of  the  other,  it  will  be  found,  on  presenting  each  side  in  succes- 
sion to  the  mirror,  that  a  different  temperature  is  indicated. 
The  heat  radiated  will  be  found  to  be  greatest  from  the  lamp- 
black, less  from  the  paper,  still  less  from  the  scratched  face,  and 
least  of  all  from  the  polished  surface.  In  consequence  of  the 
more  rapid  radiation  from  blackened  than  from  polished  surfaces 
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of  the  same  metal,  a  given  quantity  of  a  hot  liquid  placed  in  a 
blackened  vessel  will  reach  the  temperature  of  the  surrounding 
air  sooner  than  if  it  be  placed  in  a  vessel  similar  in  size  and 
shape,  but  with  a  polished  surface. 

In  the  economical  applications  of  heat,  constant  scope  is 
afforded  for  the  employment  of  the  powers  of  reflection,  radia- 
tion, and  absorption.  The  meat-screen  and  the  Dutch  oven, 
when  kept  bright,  afford  instances  of  the  application  of  the 
reflection  of  heat  to  beneficial  purposes,  in  directing  the  heat 

Xn  the  objects  between  them  and  the  fire.  Tea  made  in  a 
er  teapot,  which,  owing  to  its  polished  surface,  long  retains 
its  high  temperature,  is  superior  in  flavour  to  that  made  in  black 
earthenware,  which  rapidly  loses  its  heat  by  radiation.  Pipes 
for  the  conveyance  of  steam  should  be  kept  bright  until  they 
reach  the  apartment  where  the  heat  is  to  be  distributed,  ana 
there  the  surface  should  be  blackened,  in  order  to  favour  the 
process  of  radiation. 

(159)  Formation  of  Dew. — The  distribution  of  heat  by  radia- 
tion is  not  confined  to  bodies  highly  heated.  All  substances, 
whatever  be  thefr  temperature,  are  constantly  radiating  a  certain 
portion  of  heat,  the  amount  of  which  depends  upon  their  temper- 
ature. If  the  bulb  of  a  thermometer  be  placed  in  the  focus  of  ft 
parabolic  mirror,  which  is  turned  towards  a  perfectly  cloudless 
sky,  in  each  a  direction  that  the  sun's  rays  shall  not  fall  upon  the 
mirror,  the  temperature  will  sink  several  degrees ;  at  night,  fre- 
quently as  much  as  15°  or  18°.  The  thermometer,  like  all  other 
objects,  is  constantly  radiating  heat ;  the  mirror  cuts  it  off  from 
the  rays  proceeding  from  surrounding  objects,  and  the  portion  of 
space  towards  which  it  is  presented  not  returning  the  heat  ra- 
diated towards  it  from  the  instrument,  the  temperature  of  the 
thermometer  necessarily  falls.  A  similar  experiment  is  easily 
made  with  the  conjugate  mirrors.  If,  in  the  focus  of  one  mirror, 
a  cage  filled  with  ice  (o,  fig.  122)  be  supported,  and  in  the  focus 

Fio.  122. 


of  the  opposite  mirror,  the  bulb,  b,  of  the  differential  thermo- 
scope,  which  has  been  blackened  to  favour  radiation,  and  which  is 
screened  from  the  radiation  of  surrounding  objects  by  a  second 
small  mirror,  placed  as  at  a,  the  liquid  will  soon  rise  in  the  stem 
connected  with  the  blackened  bulb,  because  the  bulb  radiates 
towards  the  ice,  which  only  partially  returns  the  rays  that  it 
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receives;  and  the  radiation  from  surrounding  bodies  npon  the 
thermoscope  being  prevented,  its  temperature  falls. 

Hie  principles  of  radiation  were  happily  applied  bjr  "Wells  to 
the  explanation  of  the  phenomenon  of  dew.  Dew  is  formed 
most  copiously  during  a  calm,  clear  night  succeeding  a  hot  day : 
it  is  deposited  in  exposed  situations  and  upon  the  leaves  of 
plants,  and  on  filamentous  objects  in  general.  As  sobn  as  the 
sun  dips  below  the  horizon,  and  in  shady  places  even  before  sun- 
set, radiation  from  the  earth  is  no  longer  compensated  by  the 
solar  rays ;  the  temperature  of  the  surface  is,  therefore,  speedily 
reduced  below  that  of  the  stratum  of  air  in  contact  with  it ;  this 
stratum  being  charged  with  moisture,  is  no  longer  able  to  support 
so  much  vapour  in  the  elastic  form,  but  deposits  it  (just  as  when 
a  glass  of  cold  spring  water  is  brought  into  a  warm  room,  it  be- 
comes bedewed  with  moisture  on  its  outside) ;  and  the  force  of 
cohesion  collects  the  water  into  the  pearly  drops  that  stud  the 
herbage  and  sparkle  in  the  sloping  rays  of  the  sun.  On  cloudy 
nights  little  or  no  dew  is  deposited,  because  the  masses  of  sus- 
pended vapour  intercept  the  rays  from  the  earth,  and  return 
them  to  its  surface.  Overhanging  buildings  or  the  projecting 
branches  of  trees,  in  a  similar  way  return  the  heat  to  the  object 
beneath  them,  and  prevent  the  reduction  of  temperature  which 
necessarily  precedes  the  deposition  of  dew.  On  windy  nights,  the 
equilibrium  is  rapidly  restored  by  the  contact  of  fresh  surfaces  of 
air  with  the  radiating  crust  of  the  earth,  and  little  or  no  dew  is 
formed.  Upon  metallic  bodies,  which  are  bad  radiators,  and 
upon  the  hard-beaten  path  or  road,  where  the  heat  is  conducted 
rapidly  from  the  strata  beneath,  scarcely  any  dew  is  deposited ; 
while  upon  the  branching  shrub,  the  tufted  grass  and  the  downy 
leaf^  abundance  of  moisture  is  collected,  these  being  precisely  the 
objects  which  derive  most  benefit  from  its  presence. 

In  India,  near  the  town  of  Hoogly,  about  forty  miles  from 
Calcutta,  the  principle  of  radiation  is  applied  to  the  artificial  pro- 
duction of  ice.  Flat  shallow  excavations,  from  one  to  two  feet 
deep,  are  loosely  lined  with  rice-straw,  or  some  similar  bad  con- 
ductor of  heat,  and  upon  the  surface  of  this  layer  are  placed  shal- 
low pans  of  porous  earthenware,  filled  with  water  to  the  depth  of 
one  or  two  inches.  Radiation  rapidly  reduces  the  temperature 
below  the  freezing  point,  and  ice  is  formed  in  thin  crusts,  which 
are  removed  as  they  are  produced,  and  stowed  away  in  suitable 
ice-houses  until  night,  when  the  ice  is  conveyed  in  boats  to  Cal- 
cutta. "Winter  is  the  ice-malring  season — viz.,  from  the  end  of 
November  to  the  middle  of  February.* 

*  A  curious  formation  of  ice  at  the  bottom  of  some  rapid,  clear,  and  rocky  streams 
is  occasionally  seen  under  the  influence  of  radiation,  during  the  prevalence  of  bright 
frosty  weather.  Ice  thus  formed  is  termed  ground  ice.  The  water  cools  down  to  40° 
as  usual,  but  below  this  point  the  colder  water  no  longer  forms  a  protecting  layer,  as  in 
still  sheets  or  gently  moving  streams ;  the  agitation  produced  by  the  passage  of  the  wa- 
ter through  its  precipitous  and  irregular  channel  makes  the  temperature  uniform 
throughout,  till  it  arrives  at  the  freezing  point  Radiation,  meantime,  proceeds  through 
the  water  from  the  weeds  and  rocky  fragments  in  the  bed  of  the  stream :  these  become 
now  the  coldest  points ;  angularities  and  points  indeed,  under  all  circumstances,  favour 
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The  fundamental  fact  of  cooling  by  radiation  of  the  bodies  on 
which  dew  is  being  formed,  is  easily  verified.  If  a  thermometer 
be  laid  upon  a  grass-plat,  on  a  clear  night,  it  will  be  found  to 
indicate  a  temperature  several  degrees  below  that  shown  by  a 
second  thermometer,  suspended  two  feet  or  more  from  the  surface. 

(160)  Law  of  Coding  by  Radiation. — The  rapidity  of  the  cool- 
ing of  any  body  by  radiation  depends  upon  the  excess  of  its  tem- 
perature over  that  of  the  external  air.  The  hotter  the  body,  the 
more  rapidly  does  it  cool ;  and  as  it  approaches  the  temperature 
of  the  air,  the  more  slowly  does  it  lose  its  excess  of  heat. 

Newton  assumed  that  the  quantity  of  heat  lost  by  a  hot  body, 
for  equal  intervals  of  time,  was  proportioned  to  the  excess  of  its 
temperature  above  that  of  the  surrounding  air ;  so  that  if  a  body 
heated  to  100°  in  an  atmosphere  at  0°,  lose  10°  in  one  minute, 
the  same  body  heated  to  50°  would  lose  5°  per  minute,  the  air 
being  also  at  0°.  Later  experiments,  however,  have  shown  that 
this  assumption  is  not  exact,  even  for  low  temperatures,  and  that 
it  becomes  very  inaccurate  at  high  ones. 

An  admirable  series  of  researches  upon  the  rate  of  cooling  by 
radiation  was  made  by  Dulong  and  Petit  {Ann.  de  Chvmie^  II. 
vii.  337).  They  employed  a  hollow  sphere  of  thin  brass,  black- 
ened in  the  interior,  and  furnished  with  arrangements  for  ex- 
hausting it  of  air.  For  the  heated  body  thev  useda  thermometer 
with  a  large  bulb,  heated  to  a  determinate  degree,  and  supported 
in  the  centre  of  the  hollow  sphere.  They  then  placed  the  appa- 
ratus in  water  which  was  maintained  at  a  constant  temperature, 
and  they  observed  that  the  rate  of  cooling  differed  with  the 
nature  of  the  gaseous  medium  contained  in  the  globe.  If  the 
temperature  of  the  sphere  continued  constant  whilst  the  experi- 
ments were  made  in  vacuo  upon  the  heated  body  at  temperatures 
ascending  according  to  the  terms  of  an  arithmetical  progression, 
the  rapidity  of  cooling  increased  according  to  the  terms  of  a  geo- 
metric progression,  diminished  by  a  constant  quantity ;  this  con- 
stant auantity  being  the  heat  radiated  back  upon  the  cooling 
body,  from  the  inner  surface  of  the  sphere.  If  the  temperature 
of  the  sphere  and  that  of  the  heated  body  were  bath  raised  accord- 
ing to  the  terms  of  an  arithmetical  progression,  so  that  the  differ- 
ence between  the  two  was  always  constant,  it  was  found  that  the 
rate  of  cooling  increased  as  the  temperature  rose,  according  to 
the  terms  of  a  geometric  progression. 

(161)  fidatwe  Absortabuity  of  Different  Kinds  of  Heat.— 
The  transmission  of  radiant  heat  takes  place  more  freely  in  vacuo 
than  in  air.  It  is  calculated  that  the  solar  rays,  in  traversing  a 
column  of  air  6000  feet  high,  are  deprived  of  one  fifth  of  their 
heat  in  consequence  of  the  imperfect  transparency  of  the  air 
(Forbes).    The  absorption  of  heat  is,  however,  influenced  by  an 

the  deposition  of  crystals,  and  to  these  irregular  surfaces  the  ice  attaches  itself  hi  sQ- 
Yery,  cauliflower-shaped,  spongy  masses,  sometimes  accumulating  in  quantity  sufficient 
to  dam  up  the  stream,  and  cause  it  to  overflow ;  at  others,  as  the  ice  increases  in  bulk 
and  buoyancy,  it  rises  in  large  flakes,  raising  to  the  surface  portions  of  rock,  and  even 
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important  cause,  to  which  no  allusion  has  yet  been  made,  and 
which  was  first  placed  in  its  true  light  by  the  experiments  of 
Melloni.    It  may  be  illustrated  in  the  following  manner : — 

If  a  number  of  sources  of  heat  be  employed,  each  different  in 
kind  and  in  intensity, — such  as  the  naked  flame  of  an  oil  lamp,  a 
platinum  wire  heated  to  redness  in  the  flame  of  a  spirit  lamp,  a 
sheet  of  copper  heated  to  between  700°  and  800°  in  a  current  of 
heated  air  which  is  rising  from  a  lamp  placed  beneath  it,  and  a 
copper  canister  fill'ed  with  boiling  water, — the  ball  of  a  thermo- 
scope  covered  with  lamp-black  may  be  placed  at-  such  a  distance 
from  each  of  these  sources  of  heat  that  the  liquid  shall  stand  in 
each  case  at  the  same  point ;  that  is,  the  temperature  to  which 
the  thermoscope  is  exposed  shall  be  equal  in  each  case.  Now,  if 
these  distances  be  noted,  and  if  the  ball  of  the  thermoscope  be 
covered  with  a  variety  of  other  substances  in  succession,  instead 
of  with  lamp-black,  the  thermoscope,  when  exposed  to  each  of 
the  different  sources  of  heat  in  succession,  will  appear  to  receive 
different  pro{>ortions  of  heat,  although  placed  at  the  distances  at 
which,  when  it  was  coated  with  lamp-black,  the  heat  appeared  to 
be  equal.  Thus,  suppose  that  the  heat  absorbed,"  when  the  lamp- 
black was  used,  in  each  case  were  equal  to  100 ;  if  the  thermo- 
scope were  coated  with  white  lead,  it  was  found  tnat,  at  the  same 
distance  from  the  naked  flame  as  before,  it  indicated  a  heat  of 
only  53 ;  opposite  to  the  red-hot  platinum  the  heat  was  56,  instead 
of  100  as  with  the  lamp-black ;  with  the  copper  at  750°,  a  heat 
of  89  instead  of  100  was  indicated ;  while  opposite  the  canister 
of  boiling  water  the  thermoscope  showed  a  heat  of  100,  corre- 
sponding exactly  with  the  effect  upon  it  when  lamp-black  was 
used. 

'  The  following  table  exhibits  some  of  the  results  which  Melloni 
obtained  by  operating  in  this  way : — 

Relative  Absorbability  of  Different  Kinds  of  Heat. 


Absorbing  Sarfhoe. 


Lamp-black 

White  Lead 

Tfiinglana 

Jurifan  Tnlr 

Shell  Lac 

Polished  Metal. 


Naked 
Flame. 


100 
68 
52 
96 
43 
14 


Incandes- 
cent 
Platinum. 


100 
56 
54 
95 
47 
18*5 


Copper  at 
7W*F. 


100 
89 
84 
87 
70 
13 


Copper  at 
SlfrF. 


100 
100 
91 
85 
72 
13 


Lamp-black  appears  to  absorb  all  the  rays  that  fall  npon  it, 
from  whatever  source  they  may  have  originated;  and  the 
amount  absorbed  by  metallic  surfaces,  although  smaller,  is  nearly 
uniform,  whatever  be  the  source.  It  has  also  been  observed,  that 
the  less  intense  the  source  of  heat,  the  greater  usually  is  the  pro- 
portion absorbed. 

Franklin,  nearly  a  century  ago,  made  the  observation  that 
solar  heat  is  absorbed  with  greater  or  less  facility  according  to 
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the  colour  of  the  object  upon  which  the  rays  fall,  but  that  little 
or  no  such  difference  exists  with  the  heat  of  a  lamp  or  of  a  candle. 
He  took  pieces  of  cloth,  similar  in  texture  and  size,  but  different 
in  colour,  and  placed  them  in  the  sunlight,  upon  newly-fallen 
snow,  and  he  found  that  the  snow  melted  under  the  pieces  of 
doth  with  greater  rapidity  the  darker  the  tint — the  absorption 
being  greatest  with  the  pieces  of  black  cloth,  then  followed  the 
blue,  then  the  green,  purple,  red,  yellow,  and  white  pieces,  in  the 
order  enumerated. 

(162)  Transmission  cf  Heat  through  Screens. — The  causes  of 
these  remarkable  differences  will  be  best  understood  by  a  consid- 
eration of  the  phenomena  attending  the  transmission  of  heat 
through  bodies  which  allow  it  to  pass  unobstructed,  as  glass 
allows  light  to  pass.  Melloni  termed  those  bodies  which  thus 
transmit  heat  diathermous,  or  diathermic  (from  8tA,  through,  and 
fcpfifcy  hot) — those  which  do  not  allow  this  transmission  of  heat 
being  termed  athermms  or  adiathermic. 

fiodies  that  are  transparent  to  light  are  by  no  means  equally 
so  to  radiant  heat.  This  arises  from  two  causes,  which  require 
to  be  carefully  distinguished  from  each  other,  and  which  may  be 
separately  illustrated  by  a  parallel  action  on  the  rays  of  light  A 
glass  containing  pure  water  absorbs  very  little  light,  and  trans- 
mits almost  all  that  it  does  not  reflect ;  if  the  attempt  be  made 
to  measure  its  transparency  by  ascertaining  the  distance  at  which 
a  page  printed  in  small  type  is  legible  when  the  vessel  of  water 
is  interposed,  and  afterwards,  when  it  is  removed,  the  difference 
in  the  two  cases  is  hardly  appreciable.  If  a  few  drops  of  a  mix* 
ture  of  Indian  ink  and  water  be  added,  the  transparency  will  be 
diminished,  and  the  characters  will  be  legible  at  a  smaller  dis- 
tance ;  a  further  addition  of  ink  will  diminish  the  transparency 
more  and  more,  until  the  letters  can  be  no  longer  discerned.  The 
light  that  is  transmitted,  however,  although  diminished  in  quan- 
tity, possesses  the  same  character  as  the  incident  light ;  and  a 
prismatic  analysis  shows  that  both  consist  of  the  same  colours  in 
the  same  proportion ;  if  in  this  experiment  indigo  be  substituted 
for  Indian  ink,  the  legibility  of  the  page  is  diminished  to  an 
extent  nearlv  equal ;  but  the  prism  shows  that  certain  of  the  rays 
have  been  absorbed  more  completely  than  others.  Similar  effects 
are  produced  with  the  rays  of  heat.  There  are,  however,  a  num- 
ber of  substances  which  are  almost  perfectly  transparent  to  light 
— viz.,  among  solids,  glass,  diamond,  Iceland  spar,  ice,  and  a 
great  number  of  crystals ;  amongst  liquids,  water,  spirit  of  wine, 
ether,  turpentine,  and  a  multitude  of  other  bodies ;  and  among 
aeriform  bodies,  atmospheric  air,  and  the  greater  number  of 
gases.  For  heat,  on  the  contrary,  there  is  only  one  known  solid 
that  approaches  perfect  diatherrnacy,  and  that  is  rock  salt ;  many 
colourless  gases  possess  the  property  also  in  a  still  higher  degree, 
but  no  liquid  has  yet  been  discovered  which  is  free  from  absorp- 
tive action  on  the  thermic  rays. 

The  more  important  parts  of  the  apparatus  employed  by  Mel- 
loni in  these  researches  are  represented  in  Fig.  123.    One  of  hi» 
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four  principal  sources  of  beat — viz.,  naked  flame,  ignited  platinum, 
blackened  copper  heated  to  750°,  or  copper  heated  to  212°,  was 


Fig.  123. 


placed  as  at  if,  on  a  moveable  support,  behind  the  perforated 
screen,  n  ;  the  rays  being  concentrated,  when  necessary,  by  the 
concave  mirror,  m  ;  they  were  received  at  a  suitable  distance  from 
this  upon  the  thermoscope  or  thermo-multiplier,  t.*  If  a  double 
screen,  s,  of  polished  copper  were  interposed  between  the  source 
of  heat  and  tne  thermoscope,  the  rays  or  heat  were  entirely  inter- 
cepted. Having  placed  the  thermoscope  at  such  a  distance  as 
always  to  indicate,  when  the  copper  screens  were  removed,  a 
constant  given  elevation  of  temperature,  a  plate  of  some  sub- 
stance, the  diathermacy  of  which  was  to  be  ascertained,  was  then 
introduced  at  p ;  and  on  observing  the  difference  of  temperature, 
as  marked  by  the  instrument,  the  proportion  of  heat  which  the 

)>late  transmitted  was  at  once  ascertained.  In  this  manner  Mel- 
on! found  that  plates  of  rock  salt  of  great  transparency,  varying 
in  thickness  from  one-twelfth  of  an  inch  to  S?  or  3  inches  in  thick- 
ness, transmitted  92  out  of  every  100  rays  incident  upon  them, 
whatever  were  the  source  of  heat  employed  ;  the  loss  of  8  per 
cent,  being  mainly  due  to  a  uniform  quantity  which  is  reflected 
at  the  two  surfaces  of  the  plate ;  rock  salt,  therefore,  is  to  heat 
what  pure  colourless  glass  is  to  light.  The  following  experiment 
shows  the  independence  of  diathermacy  and  transparency : — If  a 
cast  iron  ball  heated  to  about  400°  be  placed  midway  between 
the  blackened  bulbs  of  a  thermoscope,  each  bulb  will  receive  an 
equal  amount  of  heat,  and  the  liquid  will  remain  stationary  ;  but 
if  a  plate  of  rock  salt  be  interposed  between  the  iron  and  one  of 
the  Dulbs,  and  a  plate  of  glass  of  equal  thickness  be  placed  be- 
tween the  hot  ball  and  the  other  bulb,  it  will  be  found  that  al- 
though both  plates  are  almost  equally  transparent  to  light,  yet 
the  bulb  next  the  rock  salt  will  rise  in  temperature  mucn  more 
rapidly  than  the  one  next  the  glass.  In  liquids,  the  independ- 
ence of  transparency  and  diathermacy  is  still  more  striking. 

*  In  these  inquiries  a  peculiar  and  rery  delicate  thermometric  apparatus,  termed  a 
tMtrmo  multiplier  (817),  was  generally  employed. 
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Thus,  out  of  100  rays  that  fell  from  an  argand  lamn,  on  each  of 
four  liquids  equally  transparent — viz.,  water,  sulphuric  acid, 
ether,  and  oil  ot  turpentine,  water  transmitted  only  11,  sulphuric 
acid,  17,  ether  21,  and  oil  of  turpentine,  81 ;  while  chloride  of 
sulphur,  which  is  of  a  reddish  colour,  allowed  63  of  the  incident 
rays  to  pass. 

The  following  table  includes  some  of  the  results  obtained  by 
Melloni,  for  several  solid  bodies ;  in  these  experiments  plates  of 
equal  thickness  were  used  in  each  case. 

Diathermacy  of  different  Solids. 


Each  plato  was  010S  inch  thick. 

Bock  Salt  (limpid) 

Sicilian  Sulphur  (yellow). 

Fluor  Spar  (limpid).. 

Rock  Salt  (cloudy) 

Beryl  (greenish  yellow) , 

Iceland  Spar  (limpid) 

Plate  Glass 

Quartz  (limpid}... 

Quartz  (smoky) 

White  Topaz , 

Sulphate  of  Barium , 

Tourmaline  (dark  green) , 

Citric  Acid 

Alum < 

Sugar-Candy  (limpid). 

Ice , 


Naked 

Flame. 

Ignited 
Platinum. 

Copper 

aw? 

928 

928  . 

92-8 

92*8 

74 

77 

60 

54 

T2 

69 

42 

88 

65 

65 

65 

65 

46 

88 

24 

20 

89 

28 

6 

0 

89. 

24 

6 

0 

88 

28 

6 

8 

87 

28 

6 

8 

88 

24 

4 

0 

24 

18 

8 

0 

18 

16 

8 

0 

11 

2 

0 

0 

9 

2 

0 

0 

8 

1 

0 

0 

6 

0-5 

0 

0 

Ether 21 

Sulphuric  Acid  (oolourlees). 17 

Do.            (brown) 17 

Nitric  Acid 15 

Alcohol 15 

Distilled  Water 11 


Diathermacy  of  Liquids  contained  in  Glass — stratum  of  Uquid 
0*362  inch.  The  source  of  heat  in  each  case  was  an  argand 
oil  lamp. 

Bisulphide  of  Carbon  (colourless). ...  68 

Chloride  of  Sulphur  (red  brown).....  68 

Terchloride  of  Phosphorus 62 

Essence  of  Turpentine. 81 

Colza  Oil  (yellow) 80 

Olive  Oil  (greenish) 80 

(163)  Diathermacy  of  Gases  and  Vapours. — The  experiments 
of  Knoblauch  have  shown  that  even  metallic  bodies  in  very  thin 
films  are  diathermic,  presenting  in  this  respect  an  analogy  with 
their  limited  transparency  to  light  in  films  of  similar  tenuity. 
Gold  and  silver  transmit  certain  of  the  rays  of  heat  more  freely 
than  others,  whilst  platinum  appears  to  transmit  all  the  rays  with 
nearly  equal  facility.  On  the  other  hand,  Tyndall  has  found  that 
the  gases  exert  different  degrees  of  absorptive  action  on  the  rays 
of  heat,  and  even  when  colourless  that  this  effect  is  strongly 
marked.  Coal  gas,  for  example,  exerts  a  much  stronger  absorp- 
tive effect  than  atmospheric  air,  and  the  vapour  of  ether  consid- 
erably more  than  that  of  the  bisulphide  of  carbon.  Bays  of  cer- 
tain degrees  of  refrangibility  also  are  more  powerfully  absorbed 
by  the  colourless  gases  than  others.    For  example,  coal  gas  ar- 
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rests  the  heat-rays  from  a  source  below  the  visible  red  heat,  much 
more  perfectly  than  it  absorbs  the  rays  of  the  lime  light  after 
they  have  traversed  a  thin  layer  of  water.* 

The  following  table  is  given  by  Tyndall  as  representing  the 
relative  absorptive  power  lor  heat  emanating  from  a  source  at 
212°,  of  various  gases  at  the  normal  pressure  of  30  inches  of  mer- 
cury, when  a  column  of  the  gas,  4  feet  in  length,  was  subjected 
to  experiment : — 


Air 1 

Oxygen.... • 1 

Nitrogen .*. 1 

Hydrogen....... •  1 

Chlorine. 89 

Hydrochloric  Acid 62 

Carbonic  Oxide 90 


Carbonic  Acid. 90 

Nitrous  Oxide. 855 

Sulphuretted  Hydrogen. 890 

Marsh  Gas 408 

Sulphurous  Anhydride 710 

Olefiant  Gas ..  970 


Anunonia..i 


1195 


The  absorptive  power  of  many  vapours  for  rays  of  obscure 
heat  is  still  more  remarkable ;  the  table  on  the  next  page  show- 
ing a  few  of  TyndalPs  results  at  low  tensions,  compared  with  that 
of  air  at  the  normal  pressure,  which  is  as  before  taken  as  1. 

The  absorbent  action  of  the  perfumes  of  many  flowers  for 
these  obscure  rays  was  also  shown  to  be  singularly  high.  A  few 
drops  of  an  essential  oil  placed  in  a  tube,  and  exposed  to  a  cur- 
rent of  dry  air,  gave  a  scented  atmosphere,  of  which  the  absorp- 
tive power  varied  greatly ;  that  of  patchouli  being  80,  that  of 
lavender  60,  that  ofcassia  109,  while  that  of  aniseed  was  as  high 
as  372  ;  so  that  the  perfume  proceeding  from  a  flower-bed  absorbs 
a  large  proportion  of  the  radiant  heat  of  low  refrangibility  inci- 
dent upon  it. 

The  experiments  of  Tyndall  appear  also  to  have  completely 
established  the  fact  that  aqueous  vapour  has  a  powerful  absorb- 
ent action  upon  heat  of  tew  refrangibility,  although  Magnus  has 
arrived  at  a  different  conclusion.  The  cause  of  this  difference  is, 
however,  satisfactorily  explained  by  Tyndall.  (Phil.  Trans., 
1862,  p.  86). 

*  In  conducting  these  experiments,  an  arrangement  of  apparatus  was  ultimately 
adopted  by  Tyndall,  the  principle  of  which  will  be  understood  from  the  following  de- 
scription : — The  gases  which  were  to  be  submitted  to  experiment  were  placed  in  a  brass 
tube  four  feet  long,  and  polished  in  the  interior;  but  for  particular  gases  a  glass  tube 
was  substituted.  In  either  case  it  was  closed  air-tight  at  each  end  by  a  polished  plate 
of  rocfc  salt,  and  was  connected  with  an  air-pump,  so  that  at  pleasure  it  might  be  used 
when  exhausted  of  air,  or  when  filled  with  different  gases  in  succession.  The  source  of 
heat  employed  in  most  cases  was  a  cube  of  copper  filled  with  water,  which  was  kept 
boiling.  The  face  of  the  cube  was  turned  towards  the  tube  for  experiment,  and  was 
coated  with  lamp-black.  At  the  other  end  of  the  brass  tube,  a  thermo-electric  pile 
(817)  was  placed ;  one  face  of  the  pile  was  directed  towards  the  tube  which  contained 
the  gas  under  trial,  whilst  the  other  end  was  directed  towards  a  second  tube  also  con- 
taining boiling  water.  The  thermo-electric  pile  was  connected  with  a  very  sensitive 
galvanometer.  The  experiment  commenced  by  exhausting  the  long  tube  of  air,  and 
then  adjusting  the  distance  of  the  second  cube  of  boiling  water,  interposing  or  with- 
drawing a  screen  until  the  amount  of  heat  which  fell  upon  the  two  surfaces  of  the  ther- 
mo-electric pile  was  exactly  equal,  which  was  indicated  by  the  needle  of  the  galvanome- 
ter standing  precisely  at  zero.  The  gas  for  examination  was  then  admitted  into  the 
tube  after  carefully  drying  it;  under  these  circumstances,  if  the  gas  thus  admitted  were 
capable  of  absorbing  even  an  exceedingly  small  portion  of  radiant  heat,  the  equilibrium 
of  the  galvanometer  was  destroyed,  and  the  needle  was  deflected  to  an  extent  varying 
with  the  amount  of  heat  arrested  during  its  passage  through  the  gas. 
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Substance  yapourixed. 


Bromine 

Bisulphide  of  Carbon. 

Iodide  of  MethyL 

Benzol 

Chloroform 

Methylic  Alcohol 

Iodide  of  Ethyl 

Amylene 

Ether 

Alcohol. 

Formic  Ether 

Acetic  Ether 

Propionic  Ether 

Boracio  Ether* 


Tendon  of  Vapoot 


0*1  inch.   0*5  Inch.    1-0  Inch. 


1 

15 

85 

66 

85 

109 

158 

182 

800 

825 

480 

590 

596 

620 


47 
147 
182 
182 
890 
290 
585 
710 
622 
870 
980 
970 


6 

62 
242 
267 
286 
590 
890 
828 
870 

1075 
1195 


It  must  not  be  forgotten  that  hitherto  Tyndall's  experiments 
upon  the  various  gases  and  vapours  have  been  confined  for  the 
most  part  to  radiant  heat  of  low  refrangibility.  No  doubt  other 
and  very  different  results  will  be  furnished  when  heat  of  high 
refrangibility  is  made  the  subject  of  inquiry. 

The  radiation  of  heat  by  gases  has  also  been  clearly  estab- 
lished by  the  experiments  of  Tyndall,  and  conformably  with  what 
we  know  of  raaiation  and  absorption  in  solids,  he  has  proved 
that  amongst  gases  the  most  powerful  absorbents  are  likewise 
the  best  radiators. 

(164)  Influence  of  Structure  on  Diathermacy. — It  by  no  means 
necessarily  follows  that  a  body  which  is  transparent  to  light  is 
also  able  to  allow  the  passage  of  heat,  and  vice  versd ;  sulphate 
of  copper,  which  permits  the  passage  of  blue  light  abundantly, 
arrests  the  rays  of  heat  entirely.  Again,  the  opaque  black  glass, 
used  for  the  construction  of  polarizing  mirrors,  transmits  a  con- 
siderable portion  of  the  thermic  rays.  Smoked  rock  salt  and 
black  mica  also  exhibit  the  same  power. 

Mechanical  arrangement  appears  to  have  even  more  influ- 
ence upon  diathermacy  than  chemical  composition.  Common 
table  salt  is  perfectly  adiathermic.  A  solution  of  rock  salt  is 
scarcely  superior  to  pure  water  in  diathermacy,  and  a  solution  of 
alum  is  equally  diathermic  with  a  solution  of  rock  salt  This  is 
perfectly  consistent  with  the  effect  which  alteration  of  structure 
produces  on  the  action  of  bodies  on  light.  Common  loaf-sugar  is 
opaque  and  of  dazzling  whiteness,  but  pure  sugar-candy  (the 
same  body  only  in  larger  crystals)  is  colourless  ana  transparent : 
the  most  transparent  glass,  by  pulverization,  may  be  reduced  to 
a  white  opaque  powder. 

As  already  mentioned,  pure  colourless  rock  salt  is  the  only 
solid  substance  the  diathermaoy  of  which  approaches  perfection ; 
and  even  rock  salt,  according  to  the  researches  of  Knoblauch, 

*  The  results  obtained  by  Tyndall  on  diluting  boracic  ether  with  air  are  so  singular 
and  anomalous  that  there  is  reason  to  suspect  some  undiscorered  source  of  error,  bo 
racic  ether  being  a  substance  easily  liable  to  decomposition. 
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absorbs  certain  of  the  rays  of  heat,  somewhat  more  freely  than 
others.  All  other  bodies  upon  which  Melloni  has  made  experi- 
ments, transmit  a  quantity  of  heat  which  varies  with  the  nature 
of  the  source,  from  a  second  cause,  which  has  been  termed  thermo- 
chrosie,  or  calorific  tint,  which  is  analogous  to  a  difference  in 
colour  for  objects  transparent  to  light ;  to  this  cause  must  be  at- 
tributed the  remarkable  differences  in  the  amount  of  absorption 
(161),  according  to  the  source  from  which  the  heat  emanated 
Before  quitting  this  subject,  it  may  be  observed  that  B.  Stewart 
(Proceed.  Hoy.  Soc.  x.  389])  has  shown  that  highly  diathermic 
bodies  are  bad  radiators,  while  adiathermic  bodies  are  good  radia- 
tors. 

(165)  Refraction. — Radiant  Jieat,  like  light,  is  susceptible  of 
refraction :  a  large  convex  lens,  placed  in  the  sun's  rays,  not  only 
gives  a  focus  of  intense  light,  but,  as  is  well  known,  constitutes  a 
powerful  burning-glass.  Inflammable  objects  are  easily  ignited 
by  this  means,  and  the  focus  of  heat  is  found  to  correspond  near- 
ly with  that  of  the  greatest  light.  Further,  if  a  solar  beam  be 
subjected  to  the  action  of  a  prism  of  transparent  rock  salt  and  die 
coloured  spectrum  so  obtained  be  examined  by  means  of  a  small 
but  sensitive  thermometer,  it  is  found  that  the  rays  of  heat,  like 
those  of  light,  possess  unequal  degrees  of  refrangibility  ;  hence, 
the  rays  of  heat  are  not  at  all  accumulated  in  one  spot,  but  aje 
distributed  over  the  entire  spectrum.  There  are,  in  fact,  differ- 
ences in  the  rays  of  heat  corresponding  to  those  of  colour  in  the 
rays  of  light.  The  greater  portion  of  the  rays  of  solar  heat  are 
even  less  refrangible  than  the  red  rays,  for  the  maximum  of  tem- 
perature in  the  solar  spectrum  is  found  at  a  distance  below  the 
extreme  red  rays  as  great  as  the  brightest  yellow  is  above  them. 
By  the  employment  of  different  sources  of  light,  spectra  are  ob- 
tained in  which  the  intensity  of  the  light  varies  in  different  parts, 
according  to  the  prevailing  colour  of  the  luminous  rays, — the 
yellow  light  of  common  salt  riving  a  spectrum  most  intense  in 
the  yellow  rays,  and  the  red  light  of  nitrate  of  strontium  giving 
a  spectrum  in  which  the  red  rays  possess  the  greatest  intensity. 
In  the  same  manner,  by  varying  the  source  of  heat  which  is  em- 
ployed, the  position  of  maximum  temperature  in  the  refracted 
beam  is  found  to  vary :  the  less  intense  the  source  of  heat,  the 
smaller  is  the  refrangibility  of  the  heat  radiated.  The  flame  of  a 
naked  lamp,  for  example,  emits  rays  of  heat  of  all  degrees  of  re- 
frangibility, its  maximum  of  intensity  being  about  the  middle  of 
the  spectrum ;  from  the  ignited  platinum  the  maximum  of  heat 
falls  nearer  to  the  red ;  from  copper  at  750°  nearer  still ;  and  the 
heat  radiated  from  a  surface  at  212°  contains  scarcely  any  of 
the  more  refrangible  rays.  Now  it  is  obvious,  that  a  mixed 
pencil  of  heat,  it  it  falls  upon  a  diathermic  medium  which  ab- 
sorbs certain  of  the  rays  of  neat  and  not  others,  will  be  altered  in 
a  manner  similar  to  that  in  which  a  ray  of  light  is  affected  in 
traversing  a  coloured  glass. 

With  a  knowledge  of  these  facts,  there  is  no  difficulty  in  un- 
derstanding how  it  is  that  the  sun's  rays  can  traverse  a  plate  of 
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glass  and  experience  but  little  absorption,  and  can  be  brought  to 
a  point  by  a  convex  lens,  or  by  a  glass  concave  mirror,  either  of 
which  remains  cool  while  intense  neat  is  developed  at  its  focus ; 
whereas,  if  the  same  lens  or  concave  mirror  be  held  opposite  to  a 
common  fire,  a  bright  spot  of  light  will  be  obtained  at  the  focus, 
but  little  or  no  heat ;  wnilst  the  glass  of  which  the  lens  or  mirror  . 
is  composed  will  become  strongly  heated.  The  rays  which  glass 
transmits  most  readily  are  those  which  abound  in  solar  light,  but 
these  are  precisely  the  rays  which  are  least  abundant  in  incan- 
descent bodies.  Advantage  has  long  been  taken  of  this  fact  by 
those  who  have  occasion  to  inspect  the  progress  of  operations  car- 
ried on  in  furnaces ;  they  are  able  by  the  use  of  a  glass  screen  to 
protect  the  face  from  the  scorchjng  rays  which  the  glass  absorbs, 
although  it  offers  no  impediment  to  the  transmission  of  light. 

This  absorption  of  radiant  heat  by  glass  is  easily  demonstrated 
by  placing  a  canister  of  hot  water  in  the  focus  of  one  of  the  con- 
jugate mirrors  (fig.  122)  and  a  thermoscope  in  the  focus  of  the 
other :  the  air  in  the  acting  ball  of  this  instrument  ceases  to 
expand  the  instant  that  a  glass  screen  is  interposed  anywhere 
between  the  two  mirrors,  in  which  case  the  glass  absorbs  the  rays, 
and  becomes  heated  itself. 

(166)  Separation  of  Radiant  Heat  from  Light. — A  considera- 
tion of  the  preceding  facts  led  Melloni  to  the  discovery  that  by  a 
combination  of  screens  which  allow  light  of  a  given  colour  to 
pass,  radiant  heat  may  be  arrested  ;  and  thus  a  separation  of  the 
two  forces  may  be  effected.  By  transmitting  the  solar  rays,  first 
through  a  glass  vessel  filled  with  water,  which  arrests  the  less 
refrangible  rays,  and  then  through  a  plate  of  a  peculiar  green 
glass  tinged  by  means  of  oxide  Si  copper,  which  stops  the  more 
refrangible  rays,  a  greenish  beam  was  obtained,  which  was  con* 
centrated  by  lenses,  and  furnished  a  greenish  light  of  great 
intensity,  but  yet  produced  no  perceptible  heating  action  when  it 
was  allowed  to  fall  upon  the  face  of  a  sensitive  thermoscope,  A 
similar  separation  of  light  and  heat  is  effected  in  nature,  in  the 
light  reflected  by  the  moon.  Melloni  concentrated  the  rays  of  the 
moon  by  means  of  an  excellent  lens  of  40  inches  in  diameter,  and 
obtained  a  brilliant  focus  of  light  of  0*4  inch  in  diameter,  the 
intensity  of  which  consequently  was  10,000  times  greater  than 
that  of  the  diffused  light  of  the  moon ;  upon  directing  the  focus 
of  light  upon  the  face  of  a  very  sensitive  thermo-multiplier,  only 
an  extremely  feeble  indication  of  heat  was  obtained.*— (Melloni, 
Thermochroee^  Part  I.  note,  p.  251.) 

*  It  ought,  however,  to  be  stated,  that  influenced  by  theoretical  considerations, 
Melloni,  in  opposition  to  these  experiments  and  to  his  earlier  opinions,  maintained,  dur- 
ing the  latter  yean  of  his  life,  the  identity  of  the  agent  that  produces  light  and  heat. 
Traces  of  heat,  he  says,  are  found  in  every  luminous  ray ;  he  supposes  that  the  rays  of 
heat  may  be  invisible,  just  as  the  chemical  rays  beyond  the  violet  end  of  the  spectrum 
are  invisible,  because  the  structure  of  the  retina  is  not  susceptible  of  undulations  the 
frequency  of  which  exceeds  or  falls  short  of  a  certain  amount  No  doubt  there  exists 
an  average  limit  to  the  power  of  the  retina  to  receive  luminous  expressions  from  solar 
radiations ;  the  boundary  between  light  and  darkness  being  almost  imperceptible.  In 
certain  individuals  the  retina  is  insensible  to  the  extreme  rays  at  the  red  end  of  the 
spectrum,  which  are  plainly  discerned  by  others.    A  parallel  case  occurs  In  the  audibili- 
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The  foregoing  observations  show  that  in  the  analysis  of  radiant 
heat,  prisms  and  lenses  of  glass  should  not  be  used,  since  they 
lead  to  results  as  incorrect  as  those  which  would  be  furnished  by 
studying  the  phenomena  of  light  by  means  of  coloured  prisms  and 
lenses.  Bock  salt  furnishes  the  only  known  material  of  which 
such  apparatus  can  properly  be  constructed,  and  by  its  means, 
rays  proceeding  even  from  the  human  body  may  readily  be  con- 
centrated and  made  to  act  upon  a  thermoscope.  These  researches 
of  Melloni  explain  the  cause  of  the  contradictory  results  obtained 
in  the  earlier  experiments  on  the  refraction  of  heat. 

In  all  experiments  on  radiated  heat  it  has  been  observed  that 
heat  when  once  absorbed,  whatever  may  have  been  its  original 
source,  acts  in  the  same  manner  in  producing  expansion;  and 
when  radiated  again  it  does  not  retain  the  peculiarities  of  the 
source  from  which  it  originated ;  the  refrangibility  of  the  re- 
radiated  heat  depends  solely  upon  the  temperature  of  the  surface 
which  emits  it  a  second  time ;  so  that  it  is  immaterial  whether  it 
were  originally  derived  from  the  sun,  from  a  lamp  flame,  from 
ignited  platinum,  or  from  non-luminous  bodies ;  although  it  is 
well  known  that  the  refrangibility  decreases  with  the  tempera- 
ture of  the  source  from  which  it  is  derived.  This  alteration  in 
the  refrangibility  of  radiant  heat  corresponds  with  the  discovery 
made  by  Stokes  of  a  similar  degradation  of  refrangibility  in  light 
(110).  Heat  of  low  refran^ibuity  may,  however,  be  converted 
into  that  of  higher  refrangibility ;  for  example,  a  jet  of  mixed 
oxygen  and  hydrogen  gases  furnishes  a  heat  nearly  as  intense  as 
any  which  art  can  command,  vet  it  does  not  emit  rays  which 
have. the  power  of  traversing  glass  in  any  considerable  quantity, 
even  though  a  lens  be  employed  for  their  concentration.  '  Upon 
introducing  a  cylinder  of  lime  into  the  jet  of  the  burning  gases, 
though  the  amount  of  heat  is  not  thus  increased,  the  light  be- 
comes too  bright  for  the  unprotected  eye  to  endure,  and  the 
thermic  rays  acquire  the  property  of  traversing  glass,  as  is  shown 
by  their  action  upon  a  thermometer,  the  bulb  of  which  is  placed 
in  the  focus  of  the  lens. 

(167)  By  the  employment  of  tourmalines,  and  by  transmis- 
sion through  bundles  of  mica  placed  at  suitable  obliquities  to  the 
incident  ray,  it  has  been  further  proved  that  radiant  heat  is  also 
susceptible  of  polarization  ;  since  the  rays  are  reflected  and  trans- 
mitted alternately,  according  as  the  planes  of  reflection  from  the 
mica  bundles  coincide,  or  cut  each  other  at  right  angles.  Knob- 
lauch (Poggendorff  Annal.  lxxiv.  9)  has  also  obtained  distinct 
evidence  of  the  diffraction  and  interference  of  the  rays  of'  heat. 
The  parallelism  in  the  mechanical  properties  of  radiant  heat  and 
of  light  is  thus  shown  to  be  complete. 

ty  of  sounds :  in  some  individuals  the  ear  is  unable  to  perceive  notes  in  which,  as  in  the 
chirp  of  a  cricket,  the  vibrations  exceed  a  certain  number  per  second,  though  such 
sounds  are  distinctly  audible  to  the  majority  of  persons. 
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§  III. — Specific  Heat — Latent  Heat. 

(168)  Specific  Heat.— It  has  been  already  stated  (131)  that  the 
temperature  of  a  body  affords  no  indication  of  the  actual  quan- 
tity of  heat  which  such  a  body  contains.  The  thermometer  does 
not  even  give  the  proportionate  amount  of  heat  which  equal 
bulks  of  the  same  substance  contain,  if  they  be  compared  at  dif- 
ferent temperatures.  It  may,  however,  be  made  to  furnish  an 
estimate  of  the  relative  quantities  of  heat  contained  in  two  dif- 
ferent masses,  either  of  the  same  substance  or  of  different  sub- 
stances. The  mode  in  which  this  is  effected  we  proceed  now  to 
illustrate. 

Equal  bulks  of  different  kinds  of  matter,  at  the  same  tempera- 
ture, contain  very  different  quantities  of  heat  When  equal 
volumes  of  water,  or  of  oil,  or  of  any  liquid,  at  different  tempera* 
tures,  are  mixed  with  due  precautions,  they  yield  a  mass  the 
temperature  of  which  is  exactly  the  mean  of  the  two.  Thus,  a 
pint  of  water  at  40°,  added  to  a  pint  of  water  at  100°,  gives  two 
pints  of  water  at  70°.  But  if  two  dissimilar  liquids  be  used,  the 
result  is  different.  A  pint  of  water  at  40°  mixed  with  a  pint  of 
mercury  at  100°,  gives  a  mixture  the  temperature  of  which  is 
only  60°  ;  but  a  pint  of  mercury  at  40°  mixed  with  a  pint  of 
water  at  100°,  gives  a  mixture  having  a  temperature  of  80°. 
Mercury  is  therefore  often  said  to  have  less  capacity  for  heat 
than  water.    It  requires  a  smaller  amount  of  heat  to  raise  it  a 

Siven  number  of  degrees  in  temperature  than  is  required  to  pro- 
uce  an  equal  .elevation  of  temperature  in  the  same  measure  of 
water.  If  equal  weights  of  the  two  bodies  be  employed,  instead 
of  eqifal  volumes,  the  difference  is  still  more  striking.  A  pound 
of  mercury  at  40°,  agitated  with  a  pound  of  water  at  156°,  gives 
a  mixture  the  temperature  of  which  is  =  152°-3.  The  water 
loses  3°'7,  while  the  mercury  gains  112*3.  The  quantity  of  heat 
which  would  be  required  to  raise  any  substance  1°  E.  in  tem- 
perature, compared  with  the  quantity  of  heat  required  to  raise  an 
X\  weight  of  water  1°,  is  called  its  specific  heat :  therefore, 
g  the  specific  heat  of  water  as  1,  that  of  mercury  will  be 
0-033  :=sincell2°-3  :  3°.7  :  :  1  :  x( =0-038). 

(169)  Modes  of  Measuring  Specinc  Seat. — Three  modes  of 
determining  the  specific  heat  of  a  body  have  been  employed. 
The  best  is  the  method  of  mixtures,  just  described ;  another 
method  consists  in  determining  the  rate  of  coding  of  equal 
weights  of  the  different  bodies  nnder  similar  circumstances ;  and 
the  third  consists  in  determining  the  amount  of  ice  which  a  given 
weight  of  each  body  will  melt  when  cooled  from  a  fixed  tempera- 
ture, say  212°,  to  the  freezing-point.  This  last  method  was  em- 
ployed by  Lavoisier  and  Laplace ;  but  though  excellent  in  prin- 
ciple, the  difficulties  in  practice  render  the  results  inaccurate. 

If  the  body  be  in  the  solid  form,  the  process  of  mixture  may 
still  be  employed  to  ascertain  the  specific  neat,  by  heating  to  tha 
same  degree  equal  weights  of  the  different  solids  which  are  to  be 
compared,  then  immersing  each  in  an  equal  bulk  of  water,  and 


Digitized  by  VjOOQIC 


MEASUREMENT  OF  SPECIFIC  HEAT.  388 

observing  the  elevation  of  temperature  produced  in  each  case. 
Experiments  conducted  in  this  manner,  show  that  great  differ- 
ences in  specific  heat  exist.  Researches  of  this  nature  are  neces- 
sarily attended  with  great  difficulty,  owing  to  the  variety  of 
sources  of  error,  and  the  number  of  precautions  required  in  order 
to  ensure  accuracy.  Full  particulars  upon  these  points  are  given 
in  the  papers  of  Dulong  and  Petit  upon  this  subject  (Ann.  de 
Chimie,  it.  vii.  225,  and  x.  895),  and  of  Begnault  (lb.  II.  lxxiii. 
6,  IIL  i.  129 ;  ix.  822 ;  xxv.  261 ;  xlvi.  267 ;  and  lxiii.  5). 

The  second  mode  of  ascertaining  differences  in  specific  heat  is 
founded  on  the  different  rates  of  cooling  exhibited  by  equal 
masses  of  dissimilar  composition ;  those  which  have  the  greatest 
specific  heat  cooling  most  slowly.  Suppose  the  different  bodies 
to  be  compared  have  all  been  heated  to  212°,  placed  in  the  same 
vessel,  ana  allowed  to  cool  down  50°,  under  exactly  similar  cir- 
cumstances; by  noting  the  time  occupied  by  each  in  cooling 
through  this  interval,  and  by  comparing  this  with  the  time  re- 

auirea  by  an  equal  weight  of  water  to  cool  through  the  same 
bermometric  interval,  a  series  of  numbers  are  obtained  which 
represent  approximately  the  specific  heats  of  the  bodies  in  ques- 
tion ;  making  the  time  occupied  by  water  in  cooling,  the  unit  of 
comparison,  or  1.  The  disturbing  influence  of  radiation  and  the 
differences  in  conducting  power,  which  varies  greatly  in  the 
different  bodies  submitted  to  trial,  are,  however,  serious  objec- 
tions to  the  employment  of  this  method  for  solids ;  for  liquids  it 
is  less  liable  to  error. 

The  following  table  gives  a  few  of  the  results  of  Begnault 
upon  specific  heat,  obtained  by  the  process  of  mixture  or  immer- 
sion : — 

Specific  Seats  of  Equal  Weights  between  82°  and  212°. 


Water 1-00000 

Oil  of  Turpentine. 0*42598 

Charcoal 0*24150 

Glais 0-19768 

Iron 011879 

Zinc 0*09555 

Copper. 0-09515 


Brass 0*09891 

Silver 0*05701 

Tin..... 0*05628 

Mercury. 008882 

Platinum 0*08248 

Gold. 0*08244 

Lead 0*08140 


(169  a)  Causes  of  Alteration  of  Specific  Heat. — Any  circum- 
stance which  alters  the  relative  distances  between  the  particles 
of  which  a  body  is  composed,  at  the  same  time  alters  its  specific 
heat.  Mechanical  compression  sufficient  to  produce  a  permanent 
alteration  in  density  is  attended  by  a  corresponding  decrease  in 
specific  heat : — For  instance,  the  specific  heat  of  a  piece  of  soft, 
well-annealed  copper  was  found  to  be  from  0*09501  to  0*09455 
the  same  copper,  after  hammering,  had  a  specific  heat  of  from 
0*0936  to  0*0938 ;  on  being  again  thoroughly  annealed,  so  as  to 
recover  its  former  density,  its  specific  heat  was  from  0*09493  to 
0*09479,  or  almost  exactly  the  same  as  at  first.    Again,  in  dimor- 

Shous  bodies  (86)  the  densest  form  has  the  lowest  specific  heat ; 
iamond    for  example,  has  a  specific  heat  of  0*1468;  whilst 
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graphite  has  a  specific  heat  of  0*2018,  or  one-third  higher ;  and 
the  specific  heat  of  charcoal  is  still  higher,  or  0*2415.  It  has  also 
been  thought  that  to  this  diminution  of  specific  beat  by  compres- 
sion may  be  partially  due  the  heating  of  cold  metallic  bars  observed 
during  the  operation  of  rolling ;  they  become  denser,  and  conse- 

Siently  have  less  capacity  for  neat.  It  is,  however,  more  proba- 
e  that  this  is  simply  a  case  of  the  conversion  of  sensible  motion 
into  the  molecular  motion  which  produces  heat,  similar  to  that 
which  attends  friction  or  percussion. 

The  sudden  compression  of  aeriform  bodies  is  likewise  attend- 
ed with  the  evolution  of  a  very  large  amount  of  heat,  which  may 
even  rise  high  enough  to  ignite  tinder  and  other  inflammable 
substances.  On  raremug  air  the  opposite  effects  are  observed. 
One  evidence  of  this  feet  is  afforded  by  the  mist  which  is  formed 
within  a  glass  receiver  while  it  is  undergoing  exhaustion.  On 
first  working  the  pistons  of  the  air-pump,  the  sudden  expansion 
deprives  the  moisture  which  all  air  contains,  of  part  of  tne  heat 
necessary  for  its  existence  in  the  gaseous  form,  and  it  condenses 
in  minute  drops,  which  speedily  evaporate  again  as  the  equili- 
brium of  temperature  is  restored.  If  compressed  air  be  allowed 
to  expand  suddenly,  by  escaping  into  the  atmosphere,  a  similar 
phenomenon  is  produced ;  a  demand  for  the  heat  which  the  air 
had  lost  in  compression  suddenly  arises,  and  moisture  is  deposited 
as  before. 

It  was  formerly  supposed  that  this  absorption  of  heat  attend- 
ing the  expansion  of  aeriform  bodies  was  due  to  an  alteration  in 
their  specific  heat,  but  the  careful  and  elaborate  experiments  of 
Remault  have  proved  that  this  is  not  the  case,  and  the  absorption 
of  neat  under  these  circumstances  affords  a  strong  argument  in 
favour  of  the  mechanical  theory  of  heat.* 

*  It  may  be  worth  while  to  examine  the  conditions  under  which  this  diminution  of 
temperature  takes  place  somewhat  more  rally.  Suppose  two  equal  Tolumes  of  air  at 
Fro  f&4  82°  **  ft*"****!  *°  th*  action  of  a  gradually  increasing  temperature  un- 
til  each  is  raised  to  a  temperature  of  528°.  If  one  of  these  Tolumes 
of  air  be  allowed  to  expand  unchecked,  its  elasticity  will  remain  un- 
altered, but  its  yolume  will  be  doubled ;  whilst  if  the  other  is  confined 
within  fixed  limits,  its  yolume  will  be  unaltered,  but  its  elasticity  will 
be  doubled.  The  quantity  of  heat  absorbed  to  produce  the  obserred 
rise  of  temperature  will,  howeyer,  be  yery  different  in  the  two  experi- 
ments. In  the  case  where  the  air  is  allowed  to  expand,  the  heat  re- 
quired will  be  greater  than  where  the  bulk  of  the  air  continues  the 
same— in  the  proportion  of  1408  to  1000.  Let  c,  fig.  124,  be  an  open 
rectangular  yessel,  the  base  of  which  is  one  square  foot  in  area,  If 
a  a  represent  the  surface  of  a  cubic  foot  of  air  contained  within  it  at 
a  temperature  of  82°,  d  &  will  represent  the  surface  of  the  same  cubic 
foot  of  air  which  has  been  raised  to  528°,  or  through  an  interval  of 
491°.  The  quantity  of  air  which  originally  filled  but  one  cubic  foot 
will  now  occupy  the  space  of  two  cubic  feet:  consequently  it  must  hare  lifted  the 
superincumbent  column  of  atmospheric  air,  resting  on  the  surface,  dd,  through  a  height 
of  one  foot ;  but  the  weight  of  that  superincumbent  column  of  air,  calculated  at  1ft 
pounds  on  the  square  inch,  is  15  x  144,  or  2160  pounds.  Now,  the  weight  of  a  cubic 
foot  of  air  at  82°  is  129  ounces,  and  the  specific  heat  of  air  was  found  by  Regnault  to 
be  a  little  less  than  one-fourth  of  that  of  an  equal  weight  of  water,  or  0*287,  so  that  the 
quantity  of  heat  required  to  raise  1*29  ounces  of  air  491°  will  raise  only  0*81  ounces  of 
water  through  491°.  Now,  0*81  ounces  of  water  raised  to  491°  would  be  equal  to  152 
ounces,  or  9-5  pounds  raised  only  1°.    Thus  the  heat  required  to  double  the  Tolume  of 
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The  absorption  of  heat  by  air  when  it  undergoes  rarefaction, 
will  enable  us  to  understand  the  general  distribution  of  tempera- 
ture in  any  vertical  column  of  the  atmosphere  of  otir  globe.  If 
the  atmosphere,  without  being  altered  in  weight  or  quantity, 
could  be  reduced  to  a  stratum  of  uniform  density  throughout, 
with  a  uniform  temperature  of  80°,  it  would  extend  to  a  height 
of  about  28,000  feet.  Now,  suppose  that  this  air,  throughout  the 
entire  thickness  of  the  stratum,  suddenly  expanded  to  the  extent 
due  to  its  elasticity ;  the  temperature  would  immediately  fall  in 
every  part  of  the  column  (except  at  its  base,  where  it  would 
remain  stationary),  in  consequence  of  the  alteration  in  density ; 
at  15,000  feet  it  would  be  about  32°,  and  at  30,000  feet  it  would 
be  about— 30°.  Owing  to  the  cause  just  explained,  a  progressive 
diminution  of  the  temperature  is  experienced,  as  the  altitude  of 
the  observer  above  the  surface  of  the  earth  increases ;  and  this 
depression  of  temperature  is  such,  that  even  in  tropical  climates, 
the  summits  of  lofty  mountains  are  always  crowned  with  snow. 
At  the  equator  the  snow  line  occurs  at  an  altitude  of  about  15,000 
feet,  but  in  England  the  line  of  perpetual  snow  occurs  at  about 
6000  feet ;  since  the  limit  of  perpetual  snow  gradually  descends 
(subject,  however,  to  irregularities,  from  local  causes)  towards  the 
level  of  the  sea,  according  as  the  place  of  observation  approaches 
towards  either  pole.  A  blast  of  cold  air,  therefore,  in  descending 
from  a  lofty  height  would  have  its  temperature  elevated  by  the 
mere  condensation  which  it  experiences  as  it  approaches  the  sur- 
face of  the  globe,  without  any  supply  of  heat  from  extraneous 
sources ;  and  the  danger  arising  from  its  chilling  influences  would 
be  thus  simply  and  effectually  averted.  Observations  have  shown 
that  the  average  depression  of  temperature  in  ascending  from  the 
sea  level  amounts  to  1°  F.  for  every  300  feet ;  and  the  following 
table  is  given  by  Daniell  (Meteorology,  vol.  i,  p.  41)  as  an  appro- 
priate estimate  of  the  distribution  of  heat  in  the  atmosphere  due 
to  this  cause,  supposing,  as  indicated  in  the  second  column,  that 
the  initial  temperature  of  80°,  is  that  of  the  surface  of  the  earth 

a  cubic  foot  of  air,  and  consequently  to  lift  2160  pounds,  would  heat  9*5  pounds  of  wa- 
ter 1°  F. 

Suppose,  in  the  next  place,  that  the  cubic  foot  of  air,  instead  of  being  allowed  to  ex- 
pand freely,  be  confined  when  heated,  so  that  its  volume  shall  remain  constant ;  the 
quantity  of  heat  required  under  these  circumstances  will  be  less  than  when  it  was  al- 
lowed to  expand  freely  in  the  ratio  of  1000  to  1408,  so  that  the  quantity  of  water  which 
would  be  heated  1°  by  this  amount  is  easily  seen  to  be  only  equal  to  6*7  pounds ;  for 
1408: 1000::  05: 6'7. 

Now,  on  deducting  6*7  from  9*5,  the  difference,  2*8,  represents  the  number  of  pounds 
of  water  which  would  be  raised  1°  F.  by  the  excess  of  heat  imparted  to  the  air  when 
allowed  to  expand,  in  our  imaginary  experiment ;  but  this  excess,  as  already  explained. 
has  been  engaged  in  lifting  a  column  of  air  of  2160  pounds  weight  through  a  height  of 
one  loot  If  now  we  divide  2160  by  2*8,  we  obtain  the'  number  771*4,  and  hence  it  ap- 
pears that  an  expenditure  of  heat  sufficient  to  raise  one  pound  of  water  1°  F.  is  compe- 
tent to  raise  771*4  pounds  one  foot ;  or  we  are  by  this  means  brought  to  the  same  re- 
sult as  that  deduced  by  Joule  from  his  experiments.  The  reasoning  employed  above  is 
that  used  by  Mayer  in  his  paper  on  the  mechanical  nature  of  heat  The  numbers, 
however,  have  been  supplied  by  subsequent  experiments.  (See  Tyndall:  Heat  as  a 
Mode  of  Motion,  p.  66  et  eeq.) 
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near  the  equator,  and  that  the  initial  temperature  of  0Q  F.  indi- 
cated in  ihe  third  column  is  that  towards  the  poles. 

Decrease  of  Temperature  in  the  Atmosphere  from  Elevation. 


Altitude  In  Feet 

Temperature  "F. 

Temperature  "F. 

0 

80° 

0° 

5000 

64'4 

—18-5 

10000 

484 

—87-8 

15000 

814 

—588 

20000 

12-8 

—82-1 

25000 

—76 

—1091 

80000 

—80*7 

—140*8 

In  proportion  as  the  temperature  of  a  substance  rises,  its  spe- 
cific heat  gradually  increases ;  owing,  probably,  to  the  increase 
in  the  bulk  of  the  body  with  the  rise  of  temperature,  and  to  the 
augmentation  of  the  space  between  the  molecules  of  the  heated 
substance.  This  increase  in  the  specific  heat  with  the  rise  of 
temperature  may  be  seen  by  examining  the  following  table  com- 
piled from  the  experiments  of  Dulong  and  Petit 

Rise  of  Specific  Seat  with  Rise  of  Temperature. 


Bubetaaee  used. 


Mercury.., 
Platinum. 
Antimony, 

Silver 

Zinc 

Copper..., 

Iron , 

Glass 


From  82°  to 

From  82°  to 

21*  F. 

M2*F. 

0-0880 

0-0850 

0*0885 

0-0855 

0-0507 

0-0549 

0-0557 

0-0611 

0-0927  . 

0*1015 

0-0949 

0-1018 

0-1098 

01218 

0-1770 

01900 

(170)  Variation  of  Amount  of  Specific  Heat  with  Change  of 
Physical  State. — A  b'ody  in  the  liquid  state  has  a  higher  specific 
heat  than  the  same  substance  when  it  is  in  the  solid  form.  It  is 
lower  in  the  gaseous  than  in  the  liquid  condition.  This  is  re- 
markably shown  in  the  case  of  water,  in  which  the  specific  heat 
is  double  that  of  ice,  and  also  more  than  double  that  of  steam. 
Contrasting  together  the  specific  heats,  as  obtained  for  the  follow- 
ing solids,  by  Itegnault,  with  the  numbers  obtained  by  Person 
(Ann.  de  Chimie,  III.  xxi.  833,  and  xxiv.  186)  for  the  same 
bodies  when  liquefied,  the  amount  of  this  difference  will  be  seen 
to  be  liable  to  great  variation : — 
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Specific  Seat  of  the  same  Substances,  bath  in  the  Solid  and  in  the 

Liquid  State. 


Substance. 


Ice 

Nitrate  of  Sodium..... 
Nitrate  of  Potassium 

Sulphur 

Phosphorus 

Bromine < 

En 

Iodine 

Lead 

Bismuth  

Mercury 


Solid. 


Bp.  Heat     Temperature  *F. 


0*5050 
02782 
0*2887 
0-2026 
0-1788 
00848 
0-0562 
0*0541 
00814 
0*0808 
0*081» 


between 

—22  and    82 

82  and  212 

82  and  212 

82  and  212 

6  and   45 

—108  and  —4 

82  and  212 

82  and  212 

82  and  212 

82  and  212 


Liquid. 


Sp.  Heal     Temperature  "P. 


1*0000 
0-4180 
0*8818 
0*2840 
0-2045 
0-1060 
0*0687 
0*1082 
0*0402 
0*0868 
0*0888 


between 

82  and  68 
608  and  806 
662  and  815 
248  and  802 
122  and  212 

10  and  118 
482  and  662 

not  stated 
662  and  842 
586  and  716 

82  and  212 


Of  all  solids  and  liquids  water  is  that  which  possesses  the 
largest  amount  of  specific  heat.  This  circumstance  contributes 
in  no  small  degree  towards  moderating  the  rapidity  of  transitions 
from  heat  to  cold,  or  from  cold  to  heat,  owing  to  the  large  quan- 
tity of  heat  which  the  ocean  absorbs  or  emits  in  accommodating 
itself  to  the  variations  of  external  temperature.  Mercury,  on  the 
other  hand,  has  a  very  low  specific  heat,  which  much  enhances 
its  sensibility  to  changes  of  temperature,  and  increases  its  fitness 
for  thermometric  purposes. 

(171)  Specific  Meat  of  Gases  and  Vapours.— The  determina- 
tion of  the  specific  heats  of  gases  and  vapours  is  attended  with 
unusual  difficulties;  and  the  earlier  researches  on  the  subject, 
though  conducted  by  many  philosophers  distinguished  for  exper- 
imental skill,  gave  discordant  and  unsatisfactory  results. 

The  subject  has  been  submitted  to  a  very  elaborate  and  vig- . 
orous  investigation  by  Eegnault,  who,  taking  the  specific  heat  of 
an  equal  weight  of  water  as  the  unit  of  comparison,  finds  that  of 
air  to  be=0-2375,  and  he  gives  the  following  numbers  as  repre- 
senting the  specific  heat  of  the  various  gases  and  vapours  upon 
which  he  inaae  his  experiments : — 

Specific  Seat  of  Oases  and  Vapours. 


Gm  or  Vapour. 


Air. 

Oxygen 

Nitrogen 

Hydrogen. 

Chlorine 

Bromine ••• 

Nitrons  Oxide... 
Nitric  Oxide...... 

Carbonic  Oxide.. 
Carbonic  Acid... 


Equal 

Vola. 

W'ghta, 

0*2875 

0*2405 

0*2175 

0-2868 

0*2488 

0-2859 

84090 

0*2964 

0-1210 

0*8040 

0*0555 

0*8447 

0*2262 

0*2406 

0-2817 

0*2870 

0*2450 

0*8807 

0*2168 

Oat  or  Vapour. 


Bisulphide  of  Carbon 

Ammonia. 

Marsh  Gas 

defiant  Gas. 

Chloride  of  Arsenic. < 

Chloride  of  SiHcon 

Perchloride  of  Titanium. 

Perchloride  of  Tin 

Sulphurous  Anhydride... 
Hydrochloric  Acid 


Equal 


Vols.     W'ghta. 


0*4122 

0*2996 

0-8277 

0*4106 

0-7018 

0*7778 

0-8564 

0*8689 

0-841 

0-2852 


0-1560 

0-5084 

0-5929 

0-4040 

0*1122 

01822 

0*1290 

0*0989 

0154 

01842 
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Specific  Heat  of  Oases  and  Vapours — Continued. 


Gm  or  Vapour. 

Equal 

Gts  or  Vapour. 

Equal 

Vol*. 

Wghto. 

Tola. 

Wghta. 

Sulphuretted  Hydrogen... 
Water 

0-2857 
0-2989 
0-7171 
0*5063 
1*2266 
0-6096 
0-7026 
1-2466 

0-2482 
0-4805 
0-4584 
0-4580 
0-4796 
0-2788 
01896 
0*4008 

Cynnideof  Ethy?T 

0-8293 
0-6461 
0-7911 
1-2184 
1-0114 
0-8841 
2-8776 
0-6886 

0-4261 
01566 
02298 
0-4008 
0-8764 
0-4126 
0-5061 
0-1847 

Chloroform  ,,-..-.,..... 

Alcohol  ..t.. ,,....,*, ......... 

Dutch  Liquid.... 

Wood  Spirit 

Acetic  Ether..... 

Ether 

Benzol ,. 

Chloride  of  Ethyl 

Bromide  of  Ethyl ...... ..tr- 

Oil  of  Turpentine 

Terchloride  of  Phosphorus 

Sulphide  of  Ethyl 

As  the  result  of  a  numerous  and  elaborate  series  of  experi- 
ments, Regnault  concludes,  contrary  to  the  statement  of  JJela- 
roche  and  Berard,  that  the  specific  heat  of  air  does  not  increase 
with  rise  of  temperature,  at  any  rate  between  the  temperatures 
of  —22°  and  392°  F.  The  same  result  holds  good  for  gases 
which,  like  hydrogen,  are  not  readily  liquefiable.  Condensible 
gases  like  carbonic  acid  exhibit  a  variation  which,  on  the  con- 
trary, is  quite  perceptible ;  thus,  the  specific  heat  of  carbonic 
acid — 

Between  —22°  and  18°  was  found  =0-184:27. 

"  18°  and  212°      "  =0-20248.. 

"  18°  and  410°      "  =021692. 

Or  the  specific  heat  of  carbonic  acid  is  as  followB : — 

At    32°         =         0-1870. 
"  212°  =         0-2145. 

"  392°  =         0-2396. 

A  similar  variation,  though  probably  to  a  still  greater  amount, 
occurs  with  vapours  generally. 

Another  remarkable  experimental  result  obtained  by  Beg- 
nault,  indicates  that  for  pressures  ranging  between  1  and  12 
atmospheres,  the  specific  heat  of  equal  weights  of  a  non-conden- 
sible  gas,  such  as  atmospheric  air  or  hydrogen,  is  uniformly  the 
same,  and  is  independent  of  the  density ;  consequently,  that  the 
specific  heat  of  a  given  volume  of  a  gas  increases  directly  as  its 
density  is  increased. 

The  specific  heats  of  the  simple  gases  for  equal  volumes,  are 
nearly  the  same  in  the  case  of  the  incondensible  gases— oxygen, 
nitrogen,  and  hydrogen — and  appear  to  follow  the  law  of  Dulong 
and  Petit  (172) ;  but  for  condensible  gases  and  vapours,  such  as 
chlorine  and  bromine,  it  is  far  from  being  true.  Compound  gases 
which  are  formed  without  undergoing  condensation,  such  as  hy- 
drochloric acid  and  nitric  oxide,  also  obey  the  law  of  Dulong  and 
Petit.  When  a  body  can  be  obtained  in  the  solid,  liquid,  and 
gaseous  state,  it  is  found  to  have  the  highest  specific  heat  when 
in  the  liquid  form,  and  much  less  in  the  aeriform  state. 

In  determining  the  specific  heats  of  gases  and  vapours,  after 
a  trial  of  various  methods,  Regnault  ultimately  adopted  a  modifi- 
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cation  of  that  employed  by  Delaroche  and  Berard : — the  gas 
under  trial  was  first  condensed  into  a  strong  receiver,  and  then 
by  means  of  apparatus  specially  contrived  for  that  purpose,  a 
known  weight  ot  this  gjas  was  allowed  to  escape  at  a  perfectly 
uniform  rate,  into  a  spiral  tube  plunged  into  a  vessel  of  hot  oil, 
which  was  maintained  at  a  fixed  temperature;  the  gas  was  in 
this  way,  during  its  passage  through  the  spiral,  raised  to  a  known 
temperature,  equal  to  that  of  the  oil  in  the  bath ;  the  heated  gas 
was  then  transmitted  through  a  metallic  vessel,  surrounded  by  a 
known  weight  of  water ;  finally,  the  gas  was  allowed  to  escape 
into  the  atmosphere,  care  being  taken  that  no  sensible  difference 
in  temperature  existed  between  the  issuing  gas  and  the  water  of 
the  calorimeter.  In  this  way  Regnault  ascertained  the  rise  of 
temperature  experienced  by  a  known  weight  of  water,  when  a 

S'ven  weight  of  each  gas,  after  it  had  been  raised  to  a  certain 
town  temperature,  was  cooled  down  by  it  to  a  certain  other 
known  temperature.  When  the  specific  heat  of  equal  weights  of 
the  differeut  gases  was  once  known,  it  was  easy  to  calculate  that 
for  equal  volumes,  by  simply  multiplying  the  numbers  for  equal 
weights  by  those  representing  the  specific  gravities  of  each  ens  or 
vapour.  For  the  details  of  this  delicate  inquiry,  the  reader  is 
referred  to  the  second  volume  of  Regnault's  great  work,  Relations 
des  E^riencesvour  determiner  les  Lais  et  Us  Dormees  Physiques 
necessaires  an  (Moid  des  Machines  d  Feuj  pp.  41—333. 

The  following  table,  compiled  from  Regnault's  experiments, 
shows  how  greatly  the  specific  heat  of  the  same  liquid  varies 
with  the  temperature,  whilst  in  gases  no  such  variation  takes 
place.  It  also  shows  that  the  specific  heat  of  a  body  in  the 
gaseous  state  is  always  less  than  that  of  the  same  substance  in  the 
liquid  form. 

Specific  Heats  of  Liquids  cmd  Vapours  compared. 


Ziodd. 


Water 

Bromine 

Aleohol 

Ether 

Bisulphide  Carbon. 

Wood  Spirit 

Aoetone 

Sulphide  of  Ethyl. 

Chloride 

Bromide 

Cyanide 

Aoetle  Ether...... 

Chloroform 

Dotch  Liquid , 

BensoL 


H,0 
Br, 

<7,H,0 

C.H1O0 

OS, 
0B40 
<7,Ht0 

$H|Br 
<7,H,Cy 

£7tHtC,H,0, 
OTC1, 
0tH4Cl, 


1-0000 
J  0-1060 
10*1199 
j  0-505 
107604 

!  0-5118 
0-5467 
0-8808 
0-9401 
0-6700 
04884 
0-5803 
0-4785 
0*4875 
0-2160 
0-4826 
0-5847 
0-7869 
0-4960 


0-2854 
0-2790 
0-8054 
0-4860 


Tmp.  '  F. 


between 
50*  and  212* 
-90*  and  60' 
56*  and  186' 

At  176* 

At -29* 

At  86' 

At— 92" 

At  86* 

82*  and  68* 

At— 99* 

At  86* 

68*  and  158* 

—17*  and  40* 

82*  and  68* 

At-99* 

At  86* 

At  194' 

At— 99* 

At  86* 

At— 92* 

At  86* 

At -92* 

At  86* 

68*  and  160' 


Sp.  fcMt         Temp.  *  F. 


0*4805 
00555 

0-4584 

0-4797 

01570 

0-4580 

0*4195 

0-4008 
0-9788 
01896 


0-4008 
01567 


0-8754 


between 
969*  and  498' 

181*  and  442' 

921*  and  498* 

158*  and  498' 

168*  and  878* 

914'  and  448* 

964*  and  451* 

249'  and  488* 
66*  and  849* 
172*  and  885* 

987*  and  480* 

989*  and  496* 

242*  and  442* 

982*  and  430* 
240'  and  424' 
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(172)  Relation  of  Specific  Heat  to  Atomic  Weight.— An  inter- 
esting relation  has  oeen  traced  between  the  specific  heats  of  bodies 
and  their  combining  quantities.  It  has1  already  been  stated  (168) 
that  the  amount  of  neat  required  to  raise  equal  weights  of  differ- 
ent substances  1°  in  temperature  varies  for  each  species  of  matter, 
but  is  always  constant  for  the  same  body  when  it  is  placed  under 
like  circumstances. 

By  comparing  together  quantities  of  the  various  elementary 
substances  in  the  ratio  of  their  combining  proportions,  and  ascer- 
taining the  amount  of  heat  which  each  requires  to  raise  it  through 
equal  intervals  of  temperature,  Dulong  and  Petit  made  the  im- 
portant observation  that  the  quantities  of  heat  absorbed  bear  a 
very  simple  numerical  relation  to  each  other.  In  a  large  propor- 
tion of  instances,  the  amounts  of  heat  thus  absorbed,  allowing  for 
unavoidable  errors  of  experiment,  are  identical;  and  it  was 
further  observed,  that  the  exceptional  cases  nearly  always  exhibit 
some  simple  multiple  relation  to  this  number.  In  other  words, 
the  specific  heat  of  an  elementary  body  is  inversely  as  its  combin- 
ing proportion  :  consequently,  the  product  of  the  specific  heat  of 
an  element  into  its  combining  proportion  gives,  subject  to  slight 
variations  due  to  errors  of  experiment,  either  a  constant  number, 
Or  some  multiple  of  that  number.  , 

The  law  thus  announced  by  Dulong  and  Petit  has  been  con- 
firmed by  the  subsequent  researches  of  Begnault  upon  specific 
heat  {Ann.  de  Ohimu^  II.  lxxiii.  61,  ILL  i.  129,  ix.  322,  xxvi. 
261,  xlvi.  257,  and  lxiii.  5).  Begnault  determined  the  specific 
heats  of  a  great  variety  of  bodies,  both  simple  and  compound. 
He  designates  the  product  obtained  by  multiplying  the  specific 
heat  of  a  body  by  its  atomic  weight,  as  the  atomic  heat  of  the 
body. 

In  21  of  the  simple  bodies  which  he  examined,  most  of  which 
were  in  a  state  of  chemical  purity,  he  found  the  atomic  heat  to 
range  between  3*31  and  2*93,  with  a  mean  of  3*13.  The  elements 
comprised  in  this  class  are  the  following,  viz.,  aluminum,  cad- 
mium, cobalt,  copper,  iridium,  iron,  lead,  magnesium,  manganese, 
mercury,  nickel,  osmium,  platinum,  rhodium,  selenium,  sulphur, 
tellurium,  tin,  tungsten,  and  zinc.  Experiments  are  at  present 
wanting  upon  the  specific  heat  of  oxygen  in  a  form  comparable 
with  the  solid  elements,  as  well  as  upon  barium,  strontium,  cal- 
cium, glucinum,  thorinum,  cerium,  didymium,  lanthanum,  molyb- 
denum, vanadium,  uranium,  and  ruthenium,  although  from  anal- 
ogy there  is  reason  to  believe  that  they  belong  to  tnis  group  of 
elements  as  regards  their  specific  heat. 

If  the  equivalent  number  in  common  use  be  employed  as  the 
multiplier  of  the  specific  heat,  it  will  be  found  that  a  second 
smaller  class  of  elements  exists  which  have  an  atomic  heat  double 
that  of  the  elements  contained  in  the  foregoing  list.  This  class 
comprises  gold,  silver,  thallium,  bismuth,  antimony,  arsenic,  phos- 
phorus, bromine  and  iodine,  as  well  as  lithium,  potassium,  and 
sodium.  From  their  chemical  analogies  there  can  be  little  doubt 
that  in  this  list  should  also  be  included  fluorine,  chlorine,  caesium, 
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rnbidiom,  and  hydrogen,  although  as  yet  the  accessary  experi- 
ments are  wanting  to  decide  the  point.  The  bodies  of  this  class 
fire  for  their  atomic  heat  numbers  ranging  between  5*85  and 
87,  with  a  mean  of  6*42 ;  Regnault  therefore  proposed  to  divide 
by  two  the  numbers  usually  given  as  the  atomic  weights  of  the 
elements  in  the  second  list.  It  would  be  more  convenient  to 
double  the  numbers  of  the  first  series,  by  which  means  the  iden- 
tity of  the  ratio  would  be  preserved  equally  well.  If  this  were 
done,  the  atomic  weights  would  correspond  with  those  given  in  the 
tables,  pp.  21  and  22.  There  are  chemical  reasons  which  fully 
justify  this  alteration,  startling  as  it  may  to  some  at  first  appear. 
The  combining  proportion  of  an  element,  it  must  be  remembered, 
is  not  affected  by  the  proposed  change  of  the  number  which,  for 
various  reasons,  is  selected  as  the  atomic  weighty  and  which  in 
some  cases  coincides  with  the  combining  proportion,  while  in 
others  it  is  a  multiple  of  it. 

The  table  which  follows  includes  some  of  the  principal  results 
derived  from  Regnault's  experiments  on  a  large  number  of  ele- 
mentary bodies.  He  found,  as  has  been  already  stated,  that  the 
same  element  has  a  different  specific  heat  if  examined  in  a  differ- 
ent state  of  aggregation.  Bodies  when  in  the  liquid  ibrm  have  a 
higher  specific  heat  than  when  in  the  solid  state,  as  is  seen  on 
comparing  the  numbers  for  bromine  and  mercury  in  the  two 
conditions. 


Specific  and  Atomic  Seats  of  the  Elements. 


Elements. 


Specific 
Heat. 


EqulTft- 

lent 


Specific  Heat 

x 
Equivalent 


Atomic 
Weight 


Specific  Heat 
At  Weight 


Diamond 

Graphite 

Wood  Charcoal 

Silicon,  fused 

"  crystallized.. 
Boron,  crystallized.., 
Sulphur  (native)......, 

Selenium 

Tellurium 

Magnesium 


Cadmium 

Aluminum 

Iron 

Nickel 

Cobalt 

Manganese 

Tin 

Tungsten- 

Copper. 

Lead 

Mercury,  solid....... 

"        liquid .... 

Platinum 

Palladium 

Rhodium 

Osmium  .•*•••*.*.•• 
16 


0-1468 

0*2018 

0*2415 

0-1750 

0-1767 

0-250 

0-17760 

008870 

004787 

0*2499 

0-09555 

005669 

0-2148 

0-11879 

0*10868 

010696 

0*1217 

005628 

008842 

0-09515 

0-08140 

0-08192 

0-08382 

008248 

0-05927 

0-05101 

0*08068 


14 

10-9 
16-0 
89-7 
64-0 
12-0 
32-5 
56-0 
18-7 
28*0 
29*6 
29-5 
275 
58*8 
920 
81-7 
108-6 
100-0 
100*0 
98-6 
58-2 
52*2 
99-4 


0-8808 
1-2108 
1*4490 
2-450 

2*725 

2*8416 

8-8145 

8-0810 

2*9988 

8-1054 

81744 

2-9859 

81861 

8*2045 

81558 

8-8467 

8*8068 

8*0746 

80162 

8-2580 

8*1920 

8*8820 

8-1976 

81581 

8*0291 

8*0446 


48? 
83  f 

85  f 


82 

79-5 
129 

24 

65 
112 

27*5 

56 

59 

59 

56 
118 
184 

63-5 
207 
200 
200 
197-2 
106*4 
104-4 
198*8 


6*0464 
6*6594 

6125 


5*6882 
6-6541 
6*1107 
6*9976 
6-2588 
6-3482 
5-8780 
6-8722 
6-4090 
6*8106 
6*6934 
6-6856 
6*1492 
6*0419 
6*4999 
6-8840 
6-6640 
6*3952 
6*8062 
6*0582 
6*0892 


Digitized  by  VjOOQIC 


942 


ATOMIC  HEATS  OT  OOMPOTTHD  BODDES. 


Specific  and  Atomic  Seats  qf the  Element* — Continued. 


Iridium 

Iodine 

Bromine,  solid.. 

"        liquid 

Potassium  ...... 

Sodium 

lithium 

Phosphorus .... 

Arsenic, ••»* 

Antimony ....... 

Bismuth 

Thallium 

Silver. 

Gold 


Speetflo      Equtoa- 
BmL  bat 


0*08259 

0*05418 

0-06480 

010600 

0-16956 

0-29840 

0*9408 

0-16870 

008140 

005077 

0-08084 

0-08865 

0-05701 

0-08244 


98-6 


Specific  Heat 

X 

SqolTatont 


8*2188 


Atomic 
-Weight 


197*2 
127 

80 

80 

89 

28 
7 

81 

75 
122 
210 
204 
108 
196*6 


BpadnoHatt 
At  Weight 


6-4266 
6*8782 
6-7440 
8*4800 
6-6126 
6*7460 
6*5856 
6*8497 
61050 
61989 
6*4764 
6-8442 
6*1570 
6*8777 


(173)  Atomic  Heats  qf  Compound  Bodies.— The  alloys,  ac- 
cording to  Regnault's  experiments,  yield  a  specific  heat  which  is 
exactly  the  mean  of  that  of  their  components ;  hence  their  heat 
is  equal  to  *the  sura  of  that  of  their  components :  and  Woeatyn 
(Ann.  de  Chimie,  HI.  xxiii.  295)  has  shown  that  for  the  sul- 

E hides  and  iodides,  within  certain  limits  of  error,  the  atomic 
eat  may  be  calculated  from  the  sum  of  the  atomic  heats  of  their 
constituents.  The  atomic  heat  of  the  compound  is,  however,  gen- 
erally somewhat  less  than  that  sum,  and  it  varies  from  this  num- 
ber according  as,  during  combination,  condensation  of  the  com- 
ponent particles  has  occurred  to  a  greater  or  less  extent,  and  ac- 
cording to  other  causes  hitherto  unascertained. 

On  comparing  together  equivalent  quantities  of  isomorphous 
compounds  possessed  of  a  similar  chemical  composition,  Neumann 
found  that  they  likewise  possess  equal  atomic  neats.  The  differ- 
ences from  the  mean  are  in  some  cases  considerable,  but  they  are 
of  the  same  order  as  those  already  observed  to  occur  in  the  sim- 
ple bodies.  The  mean  atomic  heat  of  the  isomorphous  carbon- 
ates, such,  for  example,  as  the  carbonates  of  calcium,  barium, 
iron,  lead,  zinc,  strontium,  and  the  double  carbonate  of  calcium 
and  magnesium,  is  21*22,  varying  between  21*10  and  21*70.  In 
like  manner  the  sulphates  of  barium,  calcium,  strontium,  and  lead 
yield  a  mean  atomic  heat  of  24*82. 

Regnault,  from  an  extensive  series  of  experiments  on  a  great 
variety  of  compound  bodies,  arrived  at  the  conclusion  that,  "  in 
all  compound  bodies  of  the  same  atomic  composition,  and  of  simi- , 
lar  chemical  constitution,  the  specific  heats  are  inversely  as  the 
atomic  weights."  The  product  obtained  by  multiplying  the 
specific  heat  into  the  atomic  weight  in  any  one  class  of  com- 
pounds may,  however,  differ  greatly  from  the  product  of  the  cor- 
responding numbers  in  any  otner  class,  the  numbers  furnished  by 
the  different  classes  not  being  connected  by  any  very  simple  ra- 
tio.   These  facts  will  be  rendered  obvious  by  an  examination  of 
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the  subjoined  summary  of  Rqmault's  results  {Ann.  de  Chimie, 


IIL  L  172). 


Atomic  Re<$  of  Compounds. 


Clan  of  Compounds. 


Protoxide*,  1st  Class,  ZnO. 
%*u  2nd  Class,  FbO 

Sesquioxides 

Blnoxides 

Teroxides 

Sulphides. 

Sesquisiilphides 

Bisulphides 

Chlorides 

Bichlorides 

Terchloridee 

Quadrkhlorides 

( Brasa&tes 

IBibtomides 

(Iodides 

TBiniodides. 

Fluorides. 

(Nitrates 

(Nitrates 

Chlorates. 

(Sulphates 

\  Sulphates 

Add  Chromates 

( Carbonates 

/Carbonates 

Metaphosphates 

Pyrophosphates 

Ditto 


General 
Formula. 


N"0» 

N"0 
B"'sOi 
JFO% 
Y*0. 
M,£ 
R'"*S, 
X*& 
MCI 
N"Cla 
R'"C1, 

X»'Cl4 

MBr 

N"Br, 

MI 

N'T, 

N"F, 

MN0, 

N"2N0, 

MQO, 

M,£0« 

N'50« 

M,O0« 

JLtCrtO, 

M.00, 

N'<70, 

N",2P04 

N"2P0, 

M«P,0T 

N'.P.Ot 


No.  of 
ex- 


8p.Heet 
At  W*ght 


2 
5 
6 
2 
2 
2 
2 
2 
5 
8 
2 
2 
8 
1 
5 
2 
1 
8 
1 
1 
2 
5 
1 
1 
2 
8 
1 
1 
2 
1 


10*64 

11-80 

2715 

18*84 

18*98 

18-88 

29-11 

20-8 

12-69 

18-72 

80-86 

85-56 

18-70 

19-86 

18-46 

19-85' 

16-76 

24187 

89-74 

25-68 

88-04 

2658 

86-08 

54-59 

29-48 

21-54 

68-66 

89*78 

62-24 

48*84 


At  Heat 


No.  of 
Atoms. 


5-82 

5*65 

5-43 

4-61 

4-74 

6-29 

5-95 

6-9 

684 

6-24 

7-59 

711 

6-85 

6-45 

6-78 

6*45 

5-58 

4-82 

4-41 

513 

4-72 

4-48 

515 

4-86 

4-91 

4-81 

4-86 

*-98- 

4-75 

4-88 


•  N"  representing  a  dyad,  R"  a  triad,  X*  a  tetrad,  and  Y*  a  hexad  element 

In  the  last  column  of  the  table  are  given  the  quotients  ob- 
tained by  dividing  the  atomic  heat  in  the  fourth  column  by  the 
number  of  atoms  entering  into  the  composition  of  the  compound. 
These  quotients  are  not  uniform  in  amount,  as  would  be  the  case 
if  the  atomic  heat  of  a  compound  were,  as  supposed  by  Woestyn 
and  Gamier,  nearly  the  sum  of  the  atomic  heats  of  its  constituent 
elements ;  but  it  may  be  easily  seen  that  the  number  in  the  dif- 
ferent members  of  the  same  class  of  compounds  is  nearly  alike. 

For  example,  assuming  that  the  molecule  of  the  chlorides  of 
the  alkaline  metals  is  represented  by  the  formula  MOi  (a  dia- 
tomic formula),  the  atomic  heat  of  this  class,  12*69,  divided  by  2, 
is  6*34,  .which  agrees  very  well  with  the  ordinary  number  for  the 
atomic  heat  of  the  elements.  Again,  if  the  molecule  of  the 
chlorides  of  the  metals  of  the  alkaline  earths,  and  most  of  the 
strongly  basic  metals,  iron,  cobalt,  zinc,  nickel,  &c,  be  represent- 
ed by  the  formula  N"C1,  (a  triatomic  formula),  the  atomic  heat 
18*72,  divided  by  3,  gives  6*24  as  the  result,  again  agreeing  with 
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the  ordinary  numbers  for  the  atomic  heat  of  the  elements.  Simi- 
lar remarks  are  applicable  in  the  case  of  the  bromides  and  the 
iodides  of  these  two  classes  of  metallic  elements,  as  will  be  ob- 
vious on  inspecting  the  table. 

This  correspondence  between  these  two  sets  of  chlorides,  bro- 
mides, and  iodides,  however,  disappears,  if  it  be  supposed,  as  has 
hitherto  been  very  generally  admitted,  that  the  chlorides,  bro- 
mides, and  iodides  are  all  diatomic.  If  the  chlorides  of  the  second 
class  represented  in  the  table  as  consisting  each  of  3  atoms — such 
as  chlorides  of  calcium,  barium,  magnesium,  &c,  be  supposed  to 
be  formed  upon  the  type  MCI,  or  to  contain  two  atoms  only  in 
their  molecules — their  atomic  heat  will  be  9*36,  and  dividing  by 
2,  the  number  will  be  4*68.*  The  general  conclusion  deducible 
from  these  experiments  is  that,  whilst  the  equivalents  of  the  halo- 
gens and  of  the  alkaline  metals,  including  also  thallium  and  sil- 
ver, are  truly  their  atomic  weights,  the  equivalents  of  the  ma- 
jority of  the  remaining  elements  represent  out  half  their  atomic 
weights ;  consequently,  the  atomic  weights  of  these  metals  should 
be  doubled,  in  conformity  with  the  tables  given  at  pages  21 
and  22. 

The  specific  heat  of  organic  liquids  has  been  studied  as  yet 
but  very  imperfectly  It  is,  however,  clear  that  the  specific  heat 
of  liquids  rises  very  rapidly  with  rise  of  temperature,  and  this 
rise  stands  in  no  simple  relation  to  the  amount  of  expansion 
which  the  liquid  experiences.  It  is  not  therefore  surprising  that 
in  the  case  of  liquids,  even  when  elementary,  no  approximation 
to  the  law  of  Dulong  and  Petit  for  the  elements  in  their  solid 
form  (that  the  specific  heat  is  inversely  as  the  atomic  weight)  has 
been  ascertained  to  exist.  The  specific  heats  of  a  few  liquids 
have  already  been  given  on  Begnault's  authority  (p.  239).  In 
the  table  on  the  following  page  the  numbers  for  ether,  ethal,  and 
oil  of  turpentine  were  determined  by  Favre  and  Silbermann. 
The  remaining  results  are  those  obtained  by  Kopp. 

From  these  experiments,  scanty  and  few  in  number  though 
they  are,  it  appears  that  the  specific  heat  of  equal  weights  of  or- 
ganic liquids  decreases  as  the  molecular  weight  of  the  substance 
increases ;  farther,  that  when  the  products  obtained  by  multiply- 
ing the  specific  heat  into  the  molecular  numbers  are  compared, 
this  product  generally  increases  as  the  molecular  weight  increases, 
and  in  the  homologous  series  of  the  alcohols,  the  fatty  acids,  and 
the  ethers,  the  increase  is  about  7  for  each  addition  of  CtL%  in 
the  molecule  of  the  compound.    In  the  case  of  some  metameric 

*  This  may,  perhaps,  be  rendered  more  dear  by  en  example}— The  specific  heat  of 
Chloride  of  bai^mi  is  0*08957 ;  if  it  be  represented  by  the  formula  Bad,  with  an  atomic 
weight  1040,  its  atomic  heat  will  be  008957  x  104=9*815 :  whereas  if  it  be  represent- 
ed as  ifo"Cl9,  with  an  atomic  weight  208,  its  atomic  heat  will  be  just  double,  or  18'6S. 
In  the  first  case,  the  molecule  of  the  salt- is  supposed  to  be  diatomic,  or  to  oontam  ft 
atoms  of  Hs  constituents ;  in  the  second  it  is  represented  as  triatomic,  or  as  containing 
8  atoms.  The  quotient  obtained  by  dividing  the  atomic  heat  by  the  number  of  atoms 
in  the  molecule  will  of  course  be  different  in  the  two  cases : — 


.    9-815       A  „H         _  18-68       A  M 
fop  _-  ss  4-657 ;  and  — —  =  8-21. 

M  8 
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bodies,  such  as  the  acetate  of  methyl  and  formiate  of  ethyl,  the 
aumbers  for  their  atomic  heats  are  alike :  and  ether,  which  ha* 
the  same  atomic  volume  as  the  compounds  just  mentioned,  has 
the  same  atomic  heat,  though  it  is  not  metameric  with  them. 

Specific  Seat  of  Organic  Liquids. 


Compound. 


Water. 

Wood  Spirit 

Alcohol 

Amylic  Alcohol 

Ethal. 

Formic  Add. 

Acetic  Acid 

Butyric  Acid 

Ether 

Acetate  of  Methyl.. 
Formiate  of  EthyL.. 
Acetate  of  Ethyl.... 
Butyrate  of  Methyl, 
Valerate  of  Methyl.. 

Oxalic  Ether 

Acetone 

Benzol 

Ott  of  Mustard. 

Oil  of  Turpentine.... 


Empirical 

Mole- 

So.  Heat 
of  Equal 
Weight* 

At  Heat 

Formate 

enlar 

(Sp.  htat  x 
moL  weight) 

0  =  NL 

Weight 

H,0 

18 

100O 

18*00 

CH«0 

82 

0*646 

20-64 

&VL.0 

46 

0616 

28-29 

CftH^O 

88 

0'664 

49-68 

Ci.HM0 

242 

0-606 

122-45 

CH,0, 

46 

0-686 

24-65 

c*n<ot 

60 

0*509 

80-54 

CAO, 

88 

0-503 

44-26 

<7«Hia0 

74 

0*503 

87-22 

&H.0, 

74 

0-507 

87-52 

C9K.Ot 

74 

0-513 

87-96 

04He0, 

88 

0-496 

49*63 

CtBl90% 

102 

0-487 

49-67 

0eH„0, 

116 

0-491 

56-96 

0.H,„04 

146 

0457 

66-72 

0.H.0 

58 

0-580 

80-74 

<?.H. 

78 

0*450 

8610 

04H»Nifif 

99 

0*432 

42-77 

C»Ui. 

136 

0*467 

63-51 

Latent  Heat. 

(174)  LHsappearance  of  Heat  during  liquefaction. — When 
matter  passes  from  the  solid  into  the  liquid  6tate,  or  from  the 
liquid  into  the  aeriform  state,  heat  in  large  quantity  disappears, 
and  ceases  for  the  time  to  affect  the  thermometer ;  hence,  this 
modification  of  heat  is  called  latent  heat.  For  example,  when  a 
lump  of  ice  at  32°  is  brought  into  a  warm  room,  it  gradually 
thaws  and  is  converted  into  water ;  but  neither  the  ice,  nor  the 
water  in  contact  with  it  rises  in  temperature.  So  long  as  any 
portion  of  the  ice  remains  unmelted,  the  water  continues  to  indi- 
cate the  temperature  of  32°,  as  does  also  the  ice.  Again,  a  pound 
of  water  at  212°,  mixed  with  a  pound  of  water  at  82°,  gives  two 
pounds  of  water  at  122°,  which  is  the  mean  temperature ;  but  a 
pound  of  ice  at  32°,  mixed  with  a  pound  of  water  at  212°,  gives 
two  pounds  of  water,  of  which  the  temperature  is  only  51°. 

In  this  case  the  water  has  lost  161°,  whilst  the  ice  has  gained 
only  19°  ;  so  that  142°  have  disappeared,  or  have  become  latent. 
Hence,  in  order  to  convert  a  pound  of  ice  at  32°  into  water  at  32°, 
heat  sufficient  to  raise  142  lbs.  of  water  from  32°  to  33°  is  needed. 
His  heat,  however,  is  not  lost,  for  if  the  progressive  cooling  of 
water  be  observed  in  an  atmosphere  many  degrees  below  the 
freezing  point,  it  will  be  found  that  the  temperature  of  the  liquid 
sinks  regularly  until  it  reaches  82°,  when  it  becomes  stationary, 
and  freezing  begins ;  the  heat  being  supplied  from  that  which  is 
latent  in  the  water,    tis  soon  as  the  whole  has  become  solid,  the 
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thermometer  again  shows  that  the  temperature  of  the  mass  sinks, 
until  at  length  it  reaches  that  of  the  surrounding  air..  Some 
idea  of  the  quantity  of  heat  that  is  required  to  convert  "ice  into 
water,  without  any  apparent  rise  in  temperature,  may  be  formed 
from  the  fact  that  the  simple  conversion  of  a  cube  of  ice  three 
feet  in  the  side  into  water,  also  at  32°,  would  absorb  the  whole 
heat  emitted  during  the  combustion  of  a  bushel  of  coal.  (Fara- 
day.) Pouillet  has  calculated  that  the  whole  of  the  heat  of  the 
sunfe  rays  which  fall  upon  the  surface  of  the  earth  in  the  course 
of  twelve  months'  would  be  expended  in  melting  a  layer  of  ice 
which  covered  the  entire  surface  of  the  globe  for  a  thickness  of 
104  feet. 

This  large  amount  of  heat  latent  in  water,  which  is  given 
forth  as  it  freezes,  furnishes  a  source  of  heat  of  the  greatest  value 
in  mitigating  the  severity  of  any  sudden  setting-in  of  frost,  as  the 
very  act  of  freezing  moderates  the  effect  of  the  depression  of  tem- 

Eerature  on  surrounding  objects,  and  renders  the  transition  from 
eat  to  cold,  and  of  course  the  converse  from  cold  to  heat,  more 
gradual  and  uniform.  Another  very  important  purpose  is  at- 
tained by  this  gradual  liquefaction  of  ice :  out  for  this  contrivance 
the  ice  tnat  had  accumulated  during  a  long  winter  would  at  the 
first  breeze  from  the  south  be  instantly  converted  into  water,  and 
sweep  before  it,  not  merely  the  habitations  of  man  and  their  ten- 
ants, Hut  trees,  rocks,  and  hills.  Such  fearful  catastrophes  do 
now  and  then  occur,  when  a  volcano  such  as  Etna  pours  forth  a 
stream  of  lava  over  its  snow-clad  sides :  the  flood  that  then  en- 
sues is  even  more  destructive  than  the  fiery  torrent  itself.  The 
latent  heat  of  water  is  greater  than  that  of  any  other  body,  but 
in  all  cases  of  liquefaction  there  is  a  similar  disappearance  of  heat ; 
the  quantity  which  becomes  latent  varying  with  the  nature  of 
the  substance. 

Person  ( Ann.  de  Chimie,  III.  xxi.  333,  and  xxiv.  265)  has  de- 
termined the  latent  heat  absorbed  during  the  fusion  of  a  consider- 
able number  of  bodies,  and  he  concludes  that  the  latent  heat  of 
fusion  is  obtained  by  multiplying  the  difference  between  the  speci- 
fic heat  of  the  substance  in  its  liquid  and  its  solid  form  by  a  num- 
ber obtained  by  adding  the  number  256°  (an  experimental  con- 
stant furnished  by  researches  upon  the  latent  heat  of  water)  to  the 
melting-point  °F.  of  the  substance  in  question.* 

The  numbers  in  the  second  column  of  the  table  represent  the 
number  of  degrees  of  temperature  that  an  equal  weight  of  water 
would  be  raised  by  the  passage  of  each  of  the  bodies  enumerated, 
from  the  liquid  to  the  solid  state,  or  they  may  be  taken  as  the 

*  If  J  =  the  latent  heat,  d  the  difference  of  the  specific  heat  in  the  liquid  and  in  the 
■olid  state,  t  the  melting-point  on  Fahrenheit's  scale,  the  latent  heat  may  be  calculated 
by  the  formula  • 

(256  +  t)  d  =  I 

The  results  obtained  with  the  metals  do  not  accord  with  Person's  theory,  as  the 
difference  of  their  specific  heats  in  the  solid  and  liquid  states  is  very  trifling;  but  for 
other  bodies  the  result  calculated  corresponds  pretty  closely  with  that  furnished  by 
experiment.  If  Person's  view  be  correct,  a  consequence  which  he  ingeniously  draws 
from  it  is,  that  the  absolute  xero  of  temperature  would  fall\t  —256°  F. 
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number  of  pounds  of  water  that  would  be  raised  1°  of  Fahrenheit 
by  the  heat  emitted  during  the  congelation  of  one  pound  of  each 
of  the  Bubstances  included  in  the  table. 

TcMe  of  Latent  Heat  of  Liquids, 


Name  of  Sobatanca. 


Water 

Nitrate  of  Sodium. 

Nitrate  of  Potassium.. 

Zinc 

Surer. 

Tin. 

Cadmium 

Bismuth 

Sulphur 

Lead 

Phosphorus. 

Mercury. 


•F. 


142*65 

118*84 

8526 

50-68 

87*92 

25'65 

2444 

22-75 

16*85 

9-65 

905 

5-11 


Water =1. 


1-000 
0-794 
0-598 
0*855 
0-265 
0-179 
0171 
0-159 
0118 
0-067 
0-068 
0-085 


(175)  Freezing-Mixtures. — The  chemist  avails  himself  of  the 
fact  that  heat  disappears  daring  liquefaction,  for  the  purpose  of 
procuring  artificial  cold :  the  action  of  freezing  mixtures  depends 
upon  this  principle.  Many  salts  while  undergoing  solution  pro- 
duce a  very  considerable  reduction  of  temperature.  For  exam- 
Sle :  4  ounces  of  nitre  and  4  of  sal-ammoniac,  each  in  fine  pow- 
er, when  mixed  with  8  ounces  of  water,  reduce  the  thermometer 
from  50°  to  10°.  Equal  parts  of  nitrate  of  ammonium  and  water 
reduce  the  temperature  from  50°  to  4°.  So,  likewise,  equal  parts 
of  water,  of  powdered  crystallized  nitrate  of  ammonium,  and  of 
carbonate  of  sodium,  also  crystallized  and  in  powder,  effect  a 
reduction  from  50°  to  —  7°.  In  like  manner,  the  solution  of 
crystallized  sulphate  of  sodium  in  commercial  hydrochloric  acid 
.  is  attended  with  a  rapid  reduction  of  temperature ;  this  mixture 
is  employed  in  thtKftmmon  refrigerators,  5  parts  of  the  acid  being 
poural  upon  8  parts  of  the  salt  reduced  to  powder :  the  tempera- 
ture may  thus  ^e  reduced  from  50  to  0°. 

The  most  convenient  mixture,  however,  when  procurable, 
insists  of  two  parts  of  pounded  ice  (or,  better  still,  of  fresh  snow) 
affid  1  part  of  common  salt.  A  steady  temperature  of  —4°  can 
t)V  its  means  be  maintained  for  many  hours.  Again,  a  mixture 
of  '3  parts  of  crystallized  chloride  of  calcium  and  2  of  snow  will 
produce  a  cold  sufficient  to  freeze  mercury ;  if,  before  making  the 
mixture,  both  the  vessel  in  which  the  experiment  isto  be per- 
,     formed  and  the  chloride  be  cooled  to  32  ,  such  a  mixture  will 

cause  a  thermometer  when  plunged  into  it  to  fall  to  — 50°. 
^^  Even  during  the  liquefaction  of  a  metallic  alloy  by  quicksilver, 
the  same  fact  is  observed ;  thus  an  alloy  may  be  formed  by  melt- 
ing together  207  parts  of  lead,  118  parts  of  tin,  and  208  parte  of 
bismuth ;  if  this  t>e  granulated,  by  pouring  it,  when  melted,  into 
water,  it  may  be  dissolved  in  1600  parts  of  mercury,  and  will 
cause  a  thermometer,  if  immersed  in  it,  to  sink  from  63°  to  14®. 

It  is  owing  to  this  absorption  of  heat  during  the  liquefaction 
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of  solids,  that  not  only  in  the  melting  of  ice,  but  in  the  much 
higher  temperatures  required  for  the  fusion  of  many  of  the  met* 
als,  the  temperature  remains  stationary  so  long  as  any  portion  of 
the  mass  remains  unmelted  ;  the  excess  of  heat  is  transferred  to 
the  unmelted  solid  by  conduction,  and  is  rapidly  absorbed  by  it 
during  its  liquefaction. 

The  fusing-point  of  a  mixture  of  analogous  bodies  is  generally 
considerably  below  that  of  either  of  its  separate  components. 
Thus  alloys  often  have  a  melting  point  much  below  that  of  any  of 
the  metals  which  enter  into  their  formation,  as  is  seen  in  the  case 
of  fusible  metal.  It  has  long  been  practically  known  to  the  glass- 
maker  and  the  metallurgist  that  mixtures  of  various  silicates  fuse 
at  a  temperature  far  below  that  required  to  melt  any  of  them 
alone.  A  similar  increase  of  fusibility  is  observed  when  many  of 
the  chlorides  are  mixed  together  before  exposing  them  to  heat. 
A  mixture  of  equivalent  quantities  of  carbonate  of  sodium  and 
carbonate  of  potassium  melts  below  the  fusing-point  of  either  salt 
separately,  and  is  often  used  to  effect  the  fusion  of  siliceous  min- 
erals in  analysis.  Schaffgotsch  found  that  acetate  of  potassium 
melts  at  558  ,  acetate  of  sodium  at  606°,  but  a  mixture  of  the  two 
salts  in  equivalent  proportions  fuses  at  485°.  In  like  manner 
iytrate  of  potassium  melts  at  642°,  nitrate  of  sodium  at  591°,  but 
a  mixture  of  the  two  salts  in  equivalent  proportions  liquefies  as 
low  as  429°,  or  162°  below  the  melting-point  of  the  most  fusible 
of  the  two  salts. 

A  mixture  of  crystallizable  fatty  acids  also  commonly  melts  at 
a  temperature  below  that  of  either  when  separated. 

The  following  table  contains  the  temperatures  at  which  sev- 
eral substances,  metallic  and  non-metallic,  enter  into  fusion : — 

Table  of  Futmg-PoinU. 


Name  of  SnbsUact. 


Mercury. 

OilofVitrioL ..... 

Bromine 

Ice 

Phosphorus 

Potassium 

Yellow  Wax. 

Sodium 

Iodine 

Sulphur 

Tin 

Bismuth 

Nitrate  of  Sodium..... 

Lead 

Nitrate  of  Potassium.. 

Zinc 

Silver. 

Copper. 

Gold. 

Cast  Iron. 

Wrought  Iron. 


T. 


—80 
—80 
95 
82 

111*5 
186 
I486 
207-7 
224-6 
289 
451 
512 
591 
620 
642 
778 
1778 
1996 
2016 
2786 
above 


Authority. 


Hutchins 
Regnault 
Pierre 

SchrStter 
Regnault 
Person 
Regnault 


Person 


-DanieU 
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The  melting-point  of  ice  is  perfectly  stationary*  at  32°  ;  but 
water  which  contains  salts  in  solution  has  a  lower  point  of  congela- 


Fio.  126. 


*  Prof.  W.  Thomson,  m  confirmation  of  the  results  anticipated  from  a  mathematical 
Investigation  made  by  ids  brother,  and  oommunicated  to  die  Royal  Society  of  Edin- 
burgh, January,  1850,  found  experimentally  that  the  freez- 
ing-point of  water,  a  Squid  which  expand*  at  the  moment 
m  congelation,  is  lowered  to  a  minute  but  measurable  ex- 
tent by  exposing  the  water  to  pressure.  Some  preliminary 
experiments  showed,  that  for  a  pressure  of  8*1  atmo- 
spheres, the  point  of  congelation  was  lowered  0°'106  F. : 
by  a  pressure  of  16*8  atmospheres  it  was  reduced  0°-282. 
Bunsen,  on  the  other  hand,  found  the  melting-point  of 
p*w*ffiw  and  of  spermaceti  to  be  raised  by  increasing  the 
pressure.  Spermaceti,  for  instance,  solidified  at  117° '9 
under  the  atmospheric  pressure,  but  under  a  pressure  of 
160  atmospheres  it  solidified  at  128°-6 ;  both  these  bodies 
contract  at  the  moment  of  solidification,  and,  as  had  been 
anticipated  by  Thomson,  the  melting-point  was  raised* 
Hopkins  found  this  to  hold  good  for  still  higher  pressures ; 
his  experiments  comprised  not  only  spermaceti,  but  also 
wax  and  stearin.  The  experiments  of  Mousson  (Ann.  de 
Chimie  III.  lvi  266)  upon  this  point  are  very  remarkable. 
He  contrived  an  apparatus,  in  which  he  was  able  to  subject 
foe  to  a  pressure  which  he  estimated  at  18000  atmospheres, 
and  by  which  its  bulk  was  reduced  by  18  hundredths  of 
that  which  it  occupied  at  82°.  He  found  that  under  this 
enormous  pressure  ice  frozen  at  82°  remelted,  and  contin- 
ued liquid  at  0°  F.  This  apparatus  consisted  of  a  steel 
piston,  a,  fig.  126,  in  the  axis  of  which  a  cylindrical  cavity. 
b,  was  drilled.  This  cavity  was  closed  below  by  a  conical 
copper  plug,  /,  which  was  kept  in  its  place  by  the  screw,  o. 
Above,  the  cavity  was  made  slightly  conical,  and  to  it  was 
fitted  the  copper  core, «,  upon  which  the  steel  piston,  n, 
rested,  and  could  be  pressed  down  with  enormous  force  by 
means  of  the  screw  x,  worked  by  a  lever  attached  to  the 
screw  f.  In  making  the  experiment,  the  apparatus  was 
closed  at  top ;  it  was  then  inverted,  and  a  loose  copper 
rod.  d\  was  introduced,  after  which  it  was  filled  up  to  e 
with  water,  and  subjected  to  a  low  temperature.  As  soon 
as  the  water  was  completely  frozen,  the  plug  /  was  intro- 
duced, and  the  apparatus  securely  closed.  It  was  then  re- 
stored to  its  usual  position,  and  immersed  in  a  freezing 
mixture  at  —4°  F.  After  allowing  it  to  acquire  this  low 
temperature,  the  greatest  degree  of  compression  which 
could  be  applied  was  brought  to  bear  upon  the  ice  within. 
The  ice  was  thus  liquefied,  and  the  copper  rod,  tf,  was  found  to  have  fallen  to  the  bottom 
of  the  water,  which  immediately  solidified  again  on  relaxing  the  pressure. 

Mr.  Sorb?  (Proceed.  Royal  Soc.,  voL  xii,  April  80th,  1868)  has  made  some  interest- 
ing observations  upon  the  influence  of  pressure  upon  the  solubility  of  salts,  in  which 
he  has  obtained  results  analogous  to  these  upon  the  freezing-point  of  liquids.  He  finds 
in  cases  where,  as  is  usual,  the  volume  of  the  water  and  of  a  salt  after  solution  is  less 
than  the  volume  of  the  water  and  the  salt  separately,  that  the  solubility  is  increased  bv 
pressure ;  but  that  in  cases  where,  as  when  sal-ammoniac  is  dissolved  in  water,  the  bulk 
of  the  solution  is  greater  than  that  of  the  water  and  the  salt  taken  separately,  the  solu- 
bility is  lessened  by  a  small  but  measurable  amount  For  sal-ammoniac  this  diminution 
for  a  pressure  of  100  atmospheres  is  equal  to  0*687  per  cent,  of  the  quantity  of  the  salt 
in  solution.  Mr.  Sorby  calculates  that  the  force  with  which  this  salt  tends  to  dissolve 
In  a  solution  containing  1  per  cent  less  than  would  be  dissolved  without  pressure  is 
such,  that  any  unit  of  salt  would  in  dissolving  give  rise  to  a  mechanical  force  equal  to 
that  required  to  raise  171  times  its  own  weight  to  the  height  of  one  metre. 

On  the  contrary,  salts  which  expand  in  crystallizing  from  solution  must,  under  pres- 
sure, overcome  mechanical  resistance  m  that  change,  and  as  this  resistance  is  opposed 
to  the  force  of  crystallization,  the  salt  is  rendered  more  soluble.  The  extent  of  the  in- 
fluence of  pressure,  and  the  mechanical  value  of  the  force  of  crystalline  polarity,  vary 
in  different  salts.    Thus  a  pressure  of  100  atmospheres  would  increase  the  solubility  of 
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tion.  Sea-water,  for  example,  freezes  at  27°*4,  the  salt  separating, 
and  pure  water  floating  in  the  form  of  ice ;  whilst  water  which 
is  saturated  with  sea-salt  sinks  as  low  as  —4°  before  freezing.* 

Rudorff  (Pogg.  Annal.  cxiv.  63)  finds  that  in  saline  solutions 
generally,  the  freezing-point  is  below  that  of  pure  water,  but  the 
degree  to  which  it  is  lowered  varies  with  the  nature  of  the  salt 
employed.  Almost  the  only  salts  which  are  well  adapted  to  this 
inquiry  are  the  chlorides  and  nitrates  of  the  metals  of  the  alkalies 
and  alkaline  earths,  as  few  other  salts  possess  the  requisite  solu- 
bility at  low  temperatures.  In  the  case  of  salts  which  furnish 
anhydrous  crystals,  so  far  as  can  be  judged  from  the  limited  num- 
ber of  salts  submitted  to  experiment,  the  depression  of  tempera- 
ture is  directly  proportional  to  the  quantity  of  salt  present  in  the 
liquid.  For  example,  successive  additions  of  1  per  cent,  of  each 
or  the  following  salts  produce  a  successive  reduction  of  the  freez- 
ing-point to  the  following  extent : — 

PF. 

Sal  ammoniac 1*175 

Chloride  of  sodium 1-080 

Chloride  of  potassium 0-797 

Nitrate  of  ammonium 0*691 

Nitrate  of  sodium     .......    0-666 

Carbonate  of  potassium 0*570 

Nitrate  of  calcium 0*498 

Nitrate  of  potassium     .    .    .    .    .   '.    0-480 

It  would  appear  that  salts  which  crystallize  jrith  water  cause  , 
a  depression  in  proportion  to  the  amount  of  hydrated  salt  dis- 
solved. Chloride  of  calcium  occasions  a  depression  of  the  freez- 
ing-point of  0°*405  F.  for  each  addition  of  1  per  cent,  of  the  salt 
CaUl,+6Ht0;  chloride  of  barium  a  depression  of  0°-345  F.  for 
each  addition  of  1  per  cent,  of  the  compound  2?aCl,-f  6Ht0. 
Chloride  of  sodium  crystallizes  below  14*  F.  with  211,0;  but 
these  crystals  are  rapidly  dehydrated  as  soon  as  the  temperature 
rises  above  that  point :  it  is  remarkable  that,  for  all  temperatures 

crystallized  sulphate  of  copper  as  much  as  8*188  per  cent,  whereas  it  would  increase 
the  solubility  of  chloride  of  sodium  to  the  extent  of  only  0*419  per  cent.  The  force 
with  which  this  latter  salt  tends  to  crystallise  from  a  solution  containing  1  per  cent 
more  than  would  be  dissolved  without  pressure  is  such,  thai  any  unit  of  salt  in  dissolv* 
ing  would  give  rise  to  a  mechanical  force  sufficient  to  raise  157  times  its  own  weight  to 
the  height  of  one  metre ;  whereas,  in  the  case  of  sulphate  of  copper,  this  force  is  only 
sufficient  to  raise  7  times  its  own  weight  to  the  same  height  Of  course,  if  the  solutions 
were  still  more  supersaturated,  the  force  of  crystallisation  would  be  greater,  and  <p« 


*  Mr.  Walker,  who  accompanied  If  Clintock  in  the  Jfac,  made  numerous  observer 
tions  on  the  freezing  of  sea-water  in  the  Arctic  regions.  He  found  thai  when  thejTjpR'  ^~ 
perature  fell  below  28° -5,  ice  began  to  form,  at  first  as  a  thin  pellicle,  which  grettSBj. 
acquired  a  vertically  striated  appearance  as  it  increased  in  thickness*  plumose  saline" 
crystals  separating  upon  the  surface  of  the  ice.  JJthpju-fe^obserod  the  formation 
of  ice  from  sea-water  at  all  temperatures  between  -WffBa  — 42°,  he  never  from  thai 
source  could  obtain  ice  which  on  melting  furnished  fresh  Water.  The  purest  ice  was 
that  formed  at  the  lowest  temperature,  but  even  that  When  melted  furnished  water  of 
tp.  gr.  1*005.  He  re-melted  the  ice  from  sea-water,  and  froze  it  again,  repeating  the 
operation  several  times  upon  the  same  portion  of  water,  but  nejfer  by  this  means  sue* 
oeededin  obtaining  water  of  less  density  than  1-002. 
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above  14°,  the  depression  of  the  freezing-point  is  proportional  to 
the  quantity  of  anhydrous  salt  in  the  solution,  but  below  14°  it  is 
proportionate  to  the  addition  of  the  hydrated  salt  NaCl+2H,0, 
the  depression  being  equal  to  0'614°T.  for  every  addition  of  1 
per  cent,  of  this  hydrate  to  the  solution. 

In  the  process  of  freezing  as  it  usually  occurs  in  nature,  the 
act  of  solidification  goes  on,  not  continuously,  but  in  successive 
layers,  and  in  the  interval  between  these  layers  is  a  stratum  of 
ice  slightly  more  fusible  than  the  mass  eitner  above  or  below. 
This  is  beautifully  seen  by  placinga  block  of  homogenous  trans- 
parent ice,  such  as  that  from  the  Wenham  lake,  in  the  sun's  rayB 
after  concentrating  them  by  a  large  convex  lens.  Immediately 
that  this  is  done,  the  interior  of  the ,  mass  becomes  filled  with 
little  flower-shaped  figures,  each  flower  having  six  petals,  evi- 
dently composed  of  water,  while  in  the  centre  is  a  spot  which 
shines  with  metallic  brilliancy,  and  which  looks  like  an  air-bubble, 
but  is  really  a  space  filled  only  with  aqueous  vapour,  and  pro- 
duced in  consequence  of  the  circumstance  that  water  occupies  a 
smaller  bulk  than  the  ice  which  furnished  it.  These  little  flowers 
occur  in  horizontal  planes  parallel  to  the  surface  of  congelation.* 
—(Tyndall,  PhU.  Trans.  1858,  220.)  Faraday  has  suggested 
what  seems  to  be  a  very  probable  explanation  of  these  successive 
planes  of  freezing,  viz.,  the  separation  of  saline  particles,  from 
each  layer  of  water  as  it  is  frozen,  (71)  so  that  the  salts  accumu- 
late below  the  stratum  first  frozen,  and  form  a  very  dilute  saline 
solution,  the  freezing-point  of  which  is  a  fraction  of  a  dqjree  below 
that  of  pure  water ;  this  thin  stratum  when  frozen  rarnishes  a 
layer  of  ice  more  fusible  than  the  rest ;  a  fresh  layer  freezes  be- 
neath, gradually  excluding  its  saline  particles,  which  again  accu- 
mulate oelow,  rorming  a  fresh  more  fusible  layer,  and  so  on  suc- 
cessively. 

(176)  Regdation  of  Ice. — It  was  remarked  a  few  years  ago  by 
Faraday,  that  when  two  pieces  of  ice  at  82°,  with  moistened  sur- 
faces, are  placed  in  contact,  they  freeze  together,  and  manifest  the 
phenomenon  thence  designated  as  the  regdation  of  ice ;  whereas, 
if  the  surfaces  be  dry,  they  do  not  cohere.  It  is  owing  to  this 
circumstance  that  during  a  thaw  the  particles  of  snow  cohere 
firmly  into  a  solid  lump,  whilst  during  a  frost  there  is  difficulty 
in  forming  the  dry  particles  into  a  compact  mass.  This  regda- 
tion of  ice  will  occur  when  the  surfaces  of  the  blocks  are  in  con- 
tact, even  though  the  external  air  may  be  at  a  temperature  of  80° 
or  90°,  or  even  when  the  ice  is  immersed  in  water  at  this  tem- 
perature. Certain  solids,  as  flannel,  hair,  or  cotton,  will  freeze 
to  ice  even  in  a  warm  atmosphere,  though  others,  such  as  saline 
substances,  gold  leaf/and  the  metals  will  not  thus  freeze  to  it. 
Tyndall  has  followed  up  these  observations,  and  made  some  inter- 
esting experiments  and  deductions  from  them.  He  took  a  sphere 
of  transparent  ice,  and  placed  it  in  a  warm  room  under  a  small 

*  In  certain  exceptional  cases  this  parallelism  is  disturbed.  Probably  this  is  due  to 
the  breaking-tip  of  the  original  floe,  and  consolidation  of  its  fragments  irregularly,  by 
subsequent  regelation» 
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hydraulic  press  between  two  pieces  of  boxwood  hollowed  out  so 
as  to  form  a  flattened  lenticular  cavity.  The  ice  broke,  but,  on 
continuing  the  pressure,  it  froze  again,  and  in  less  than  a  minute 
was  converted  into  a  flattened  transparent,  lenticular  mass.  This 
mass  was  in  turn  placed  in  a  shallow  cylindrical  cavity  of  box- 
wood and  again  submitted  to  pressure,  again  it  was  crushed  and 
became  reduced  to  the  form  of  a  flat  transparent  cake ;  and  this 
again  was  placed  in  a  hemispherical  cavity  in  the  wood  and  sub- 
jected to  the  pressure  of  a  hemispherical  plug  which  fitted  the  cav- 
ity ;  a  third  time  it  was  crushed,  and  after  a  few  seconds  it  froze 
again  into  a  transparent  cup  of  ice.*  Tyndall  considers  that  upon 
tiie  theory  that  heat  is  the  result  of  vibratory  motion,  the  lique- 
faction of  ice,  when  perfectly  homogeneous,  must  necessarily  take 
place  more  easily  uj>on  the  surface  than  within  the  mass ;  and 
conversely  the  freezing  of  a  thin  layer  of  water  between  two 
masses  ot  ice  should  occur  more  readily  than  upon  the  surface  of 
a  single  mass,  and  hence  he  attempts  to  account  for  regelation. 
The  explanation  appears,  however,  to  be  insufficient;  since,  if 
true  for  ice,  it  should  hold  good  for  all  substances  solidifying 
after  fusion,  when  two  portions  of  the  solid  are  brought  into  con- 
tact beneath  the  still  liquid  mass ;  and  it  offers  no  explanation 
of  the  freezing  of  ice  to  flannel,  which  apparently  is  due  to  the 
same  cause  as  the  freezing  of  ice  to  ice.  It  has  been  supposed 
that  the  masses  of  ice  are  colder  within  than  at  the  surface,  and 
hence  that  regelation  is  the  result  of  the  absorption  of  heat  by 
the  internal  portions.  Tyndall  has,  however,  proved  conclusively 
that  this  hypothesis  is  at  variance  with  facts,  and  is  indeed  im- 
possible from  the  conducting  nature  of  ice  itself.  The  ingenious 
theory  of  James  Thomson,  that  regelation  is  due  to  the  lowering 
of  the  freezing-point  by  the  mutual  pressure  of  two  masses  of  ice, 
and  that  the  absorption  of  heat  due  to  this  liquefaction  freezes  the 
contiguous  layer  of  water,  is  also  quite  inadequate  to  account  for 
the  effect,  even  if  pressure  were  a  necessary  element  in  effecting 
regelation,  which  Faraday  and  others  have  shown  it  is  not.  At 
present  therefore  the  phenomenon  needs  further  elucidation. 

(177)  Evolution  of  Heat  during  Solidification. — When  liquids 
return  to  the  solid  form,  their  latent  heat,  or  heat  of  fluidity y  as 
it  is  sometimes  called,  is  again  given  out.    Water,  it  undisturbed, 

*  These  observations  have  been  Ingeniously  applied  by  Tyndall  to  account  for  the 
motion  of  glaciers.  These  frozen  rivers  of  ice,  in  descending  from  the  mountain  sides, 
constantly  nave  to  force  their  way  through  contracted  gorges  in  the  rock,  and  gradually 
flow  onwards,  melting  away  at  their  base,  whilst  fresh  portions  of  ice  are  forced  down- 
wards from  the  upper  regions  of  the  mountain  by  the  weight  of  the  superincumbent  ice. 
It  was  ascertained  by  Prof.  J.  D.  Forbes,  in  a  series  of  beautiful  observations,  that 
during  the  descent  of  the  glacier  through  its  channel,  the  central  portions  of  the  mass 
move  more  quickly  than  the  portions  on  its  sides :  and  he  likened  the  flow  to  the  descent 
of  a  viscous  liquid,  and  propounded  what  has  been  known  as  the  viscous  theory  of  glacier 
motion.  Viscosity,  however,  Is  not  a  property  which  is  exhibited  by  ice ;  and  Tyndall 
{Phil.  TVon*.,  18571  has  shown  that  all  the  phenomena  of  glacier  motion  are  accurately 
accounted  for  by  this  process  of  crushing,  and  subsequent  regelation  into  solid  trans- 
parent ice.  Graham,  however,  suggests  that  ice  may  exist  in  two  conditions— the  crys- 
talline, which  is  brittle,  and  the  vitreous  or  colloid,  in  which  it  possesses  a  certain 
viscosity.  (Phil.  TVont.,  1861,  p.  222.)  This  view,  however,  as  yet  remains  unsup- 
ported by  direct  experiments. 
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may  be  cooled  down  in  a  narrow  tube  even  20°  below  the  freez- 
ing-point without  congealing;  but  the  least  agitation  causes  a 
portion  to  solidity  suddenly,  and  the  latent  heat  emitted  at  the 
moment  by  the  portion  which  freezes  raises  the  temperature  of 
the  whole  mass  to  32°.  According  to  Dnfour,  this  cooling  of 
water  below  its  freezing-point  is  easily  effected  by  suspending  the 
water  in  the  midst  of  a  liquid  of  the  same  density  as  itself,  such 
as  a  mixture  of  chloroform  and  oil  of  almonds  in  suitable  propor- 
tions, and  exposing  them  to  the  cold  of  a  freezing  mixture :  con- 
tact with  a  fragment  of  ice  causes  the  instant  solidification  of  the 
water,  though  agitation,  or  stirring  with  a  metallic  rod,  does  not 
always  do  so.  In  like  manner,  sulphur,  or  phosphorus,  if  sus- 
pended in  solution  of  chloride  of  zinc,  remains  liquid  many  de- 
grees below  its  point  of  solidification  until  touched  with  a  frag- 
ment of  its  own  substance.  Acetic  or  sulphuric  acid,  as  well  as 
several  other  substances,  admits,  like,  water,  of  being  cooled  down 
several  degrees  below  its  point  of  solidification ;  but  if  agitated, 
or  if  touched  with  a  portion  of  its  own  substance  in  the  solid 
form,  it  immediately  solidifies  with  evolution  of  heat. 

A  similar  extrication  of  heat  occurs  when  a  supersaturated 
solution  of  sulphate  of  sodium  (73)  is  made  to  crystallize  suddenly 
by  agitation,  the  mass  becoming  sensibly  warm  to  the  hand.  The 
solidification  of  metallic  bodies  is  attended  with  a  like  evolution 
of  heat. 

(VIS)  Disappearance  of  Heat  during  the  Formation  of  Vapour. 
— In  the  change  from  the  liquid  to  the  gaseous  state,  the  disap- 
pearance of  heat  is  found  to  occur  to  an  extent  still  greater  than 
in  the  liquefaction  of  a  solid.  A  vessel  containing  water,  such 
as  the  boiler  of  a  common  still,  placed  over  a  source  of  heat  which 
is  tolerably  uniform  in  temperature,  receives  in  equal  times 
nearly  equal  accessions  of  heat ;  the  water  at  first  rises  steadily 
in  temperature,  but  at  length  it  boils,  and  the  thermometer  be- 
comes stationary ;  no  matter  how  much  the  heat  be  urged,  pro- 
vided that  the  steam  be  allowed  to  escape  freely,  the  tempera- 
ture of  the  boiling  liquid  cannot  be  raised  beyond  a  certain  point : 
if  the  vapour  be  made  to  pass  through  the  worm  of  the  still, 
which  is  cooled  by  immersion  in  water,  the  steam  will  transfer 
part  of  its  heat  to  the  water  in  the  condenser,  which  rises  rapidly 
m  temperature,  whilst  the  vapour  returns  to  the  liquid  form ;  but 
the  quantity  of  water  that  is  raised  in  the  worm-tub  to  nearly 
813°  is  very  much  greater  than  the  quantity  that  is  condensed 
into  the  form  of  liquid  in  the  receiver  of  the  still. 

The  large  amount  of  latent  heat  contained  in  steam,  renders  it 
possible  to  use  steam  as  a  convenient  and  economical  mode  of 
warming  buildings  and  apparatus  which  do  not  require  to  be 
raised  to  a  temperature  beyond  that  of  boiling  water.  In  prac- 
tice it  is  found  convenient  in  warming  a  building  which  is  used 
for  domestic  purposes,  to  allow  one  square  foot  of  radiating  sur- 
face in  the  steam-pipe  for  every  200  cubic  feet  of  space  to  be 
heated.  This  estimate,  however,  is  liable  to  modification,  because 
the  greater  the  extent  of  radiating  and  conducting  surface  exposed 
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by  the  windowB  in  proportion  to  the  cubic  contents  of  the  apart* 
ment  may  be,  the  more  rapid  is  the  lose  of  heat 

The  maintenance  of  a  steady  temperature  which  cannot  rise 
above  212°,  is  often  required  in  the  laboratory  in  the  prosecution 
of  various  inquiries,  especially  in  such  as  relate  to  organic  chem- 
istry, and  for  this  purpose  a  small  steam-bath,  such  as  is  repre- 
sented at  2,  fig.  126,  is  extremely  useful ;  it  may  also  be  employed 
to  assist  in  effecting  the  filtration  of  hot  liquids,  where  it  is  im- 
portant to  maintain  their  high  temperature.  In  drying  organic 
substances,  a  kind  of  double  oven,  or  hot  closet,  made  of  copper, 
as  exhibited  at  1,  is  a  convenient  mode  of  applying  heat ;  the 
interval  between  the  internal  and  external  plates  of  copper  is 
filled  with  water  which  is  heated  by  the  gas  flame  below ;  if  a 
higher  temperature  than  this  be  reqpired,  the  interval  may  be 
filled  with  oil ;  the  temperature  in  the  latter  case  may  be  regu- 
lated by  a  thermometer,  introduced  at  a/  at  5  is  a  tube  for  the 
escape  of  vapour ;  this  tube  communicates  with  the  drying  cham- 
ber. 

Fig.  126. 


(179)  EbuUMon. — The  gradual  absorption  of  heat  in  the  pas- 
sage from  the  liquid  to  the  gaseous  state  is  not  less  essential  to 
the  comfort,  and  even  to  the  existence  of  man,  thiprthe  corre- 
sponding absorption  in  the  passage  from  the  solid  to  ^he  liquid 
condition.  "Were  it  otherwise,  every  attempt  to  boil  a  saucepan 
or  a  flask  of  water  or  other  liquid,  would  be  attended  with  explo- 
sion, from  the  sudden  formation  of  vapour,  the  moment  that  the 
boiling-point  was  attained. 

By  the  term  ebullition,  or  boiling,  is  meant  the  formation,  in 
any  liquid,  of  bubbles  of  vapour  of  an  elasticity  equal  to  that  of 
the  superincumbent  atmosphere  at  the  time. 

Although  the  boiling-point  of  each  liquid,  oceteris  paribus,  is 
always  fixed,  yet  different  liquids  vary  quite  as  much  in  the  tem- 
perature at  which  this  change  occurs,  as  solids  do  in  their  points 
of  liquefaction.  This  is  shown  by  a  glance  at  the  following  table, 
which  contains  the  boiling-points  of  a  number  of  liquids,  recently 
determined  with  very  great  care,  reduced  to  the  atmospheric  pres- 
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sure  of  2992  inches  of  mercury :  the  specific  gravities  of  the 
liquids  at  32°  F.  are  also  given. 

The  process  of  ebullition  may  be  beautifully  shown  in  a  com- 
mon glass  flask,  heated  from  below.  At  first,  bubbles  of  vapour 
are  formed  at  the  bottom  of  the  vessel ;  these  bubbles  are  con- 
densed and  disappear  with  a  peculiar  vibratory  sound  before  they 
reach  the  surface ;  at  length  the  temperature  of  the  whole  mass 
of  liquid  becomes  nearly  uniform,  and  the  bubbles  of  steam  as 
they  are  formed,  rise  to  the  surface  and  break,  emitting  a  per- 
fectly transparent,  invisible  vapour,  which  does  not  become  con- 
densed into  the  cloudy  form  commonly  but  erroneously  desig- 
nated as  steam,  until  its  temperature  has  been  sufficiently  reduced 
by  the  external  air  to  bring  it  back  to  the  liquid  form  in  exceed- 
ingly minute  globules. 

Table  of  Boiling-Points  and  Specific  Gfrcmties  tfLiqwde. 


SutwtanoM  mod. 


Sulphurous  Anhydride 

Chloride  of  Ethyl 

Bromide  of  Methyl 

Aldehyd 

Formiate  of  Methyl 

Ether 

Bromide  of  Ethyl 

Iodide  of  Methyl 

Bisulphide  of  Carbon. 

Formic  Ether. 

Acetone 

Acetate  of  Methyl 

Chloride  of  Silicon 

Bromine 

Wood  Spirit :. 

Iodide  of  Ethyl 

Acetic  Ether 

Alcohol 

Terchloride  of  Phosphorus 

Benzol 

Dutch  Liquid 

Butyrate  of  Methyl 

Water 

Formic  Acid 

Butyric  Ether. 

Perchloride  of  Tin 

Valerate  of  Methyl 

Acetic  Acid 

FouselOil 

Bromide  of  Ethylene. 

Terchloride  of  Arsenic 

Perchloride  of  Titanium 

Bromide  of  Silicon. 

Butyric  Acid 

Sulphurous  Ether 

Terbromide  of  Phosphorus 

Sulphuric  Acid 

Mercury 


BolHng  Ft. 

Sp.  Or. 
at  St*  F. 

17-6* 

1-4911-} 

51*9 

0*9214 

55*5 

1*6644 

69-4 

0-8009 

921 

0.9984 

94-8 

0-7365 

105-8 

1-4738 

111-4 

2-1992 

118-5 

1-2931 

127-7 

0*9857 

138-8 

0*8144 

183-3 

0*9562 

138-2 

1-5287 

145-4 

81872 

149-9 

0-8179 

158*5 

1-9755 

164-9 

0-9069 

178-1 

0*8151 

178-4 

1-6162 

176-8 

0-8991 

184-7 

1-2808 

204*6 

0-9209 

2120 

1-0000 

221-5 

1-0267J 

238-8 

0-9041 

2402 

2-2671 

241-1 

0-9015 

2481 

1-0619§ 

269-8 

0-8271 

270-9 

21629| 

278-0 

2*2050 

276-6 

1-7609 

8080 

2*8128 

314*6 

0*9886 

8200 

1-1063 

847*5 

2*9249 

640-0 

1-8540 

662-0 

18*5960 

Authority. 


Pierre 
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it 
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Kopp 
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it 

Marignao 
Regnault 


*  18**1  Bunsen. 


g  At  62*6. 


f  At- 


|  At  69°*4. 


%  At  56°*6. 
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Fio.  127. 


The  temperature  at  which  any  given  liquid  boils,  although 
•perfectly  fixed  under  certain  conditions,  is  nevertheless  influenced 
by  several  circumstances,  such  as — 1,  the  nature  of  the  vessel  in 
which  it  is  boiled ;  S,  the  presence  of  matters  in  solution  in  the 
liquid ;  and  3,  and  most  important  of  all,  the  variation  of  the 
pressure  of  the  atmosphere  upon  its  surface. 

The  boiling-point  of  a  liquid  constitutes  one  of  its  most  im- 
portant physical  characters,  and  is  often  the  surest  guarantee  of 
its  freedom  from  admixture  with  other  bodies.    The  use  of  a  sim- 

Sle  expedient  enables  the  boiling-point  of  a  valuable  liquid  to  be 
etermined  without  loss,  upon  small  quantities  of  the  substance 

under  trial.  In  fig.  127,  f  is  a  small 
flask  which  contains  the  liquid,  t  the 
thermometer  passing  through  the 
cork  c,  and  enclosed  in  a  long  tube  e, 
which  fits  into  a  cork  adjusted  to  the 
neck  of  the  flask  f  ;  J  is  an  outer 
tube  to  prevent  the  premature  con* 
densation  of  the  vapour,  d  a  lateral 
tube  for  carrying  off  any  part  of  the 
liquid  which  may  distil  over :  by  this 
arrangement  the  bulb  and  the  whole 
stem  of  the  thermometer  is  immersed 
in  the  vapour  of  the  boiling  liquid, 
and  an  accurate  observation  may  be 
made  with  little  difficulty,  due  atten- 
tion being  paid  in  all  cases  to  the  ba- 
rometric pressure  at  the  time. 

(180)  1.  Influence  of  Adhesion  on 
the  Bodiaig-Pomt — Adhesion  of  the 
liquid  to  the  surface  of  the  vessel 
which  contains  it  has  a  marked  effect 
in  raising  the  boiling-point.  In  con- 
sequence of  this  action,  water  some- 
times boils  at  214°  in  a  glass  vessel,  but  the  temperature 
falls  to  212°,  and  continues  to  boil  steadily  at  this  point  if  a 
pinch  of  metallic  filings  be  dropped  in.  If  the  interior  of 
the  vessel  be  varnished  with  shell-lac,  the  boiling  will  often 
not  occur  till  a  temperature  of  221°  is  reached,  and  then 
will  take  place  in  bursts,  the  temperature  falling  to  212°  at  each 

fust  of  vapour.  So  again  the  presence  of  a  little  oil  elevates  the 
oiling-pomt  of  water  three  or  four  degrees.  The  experiments 
of  Donny  have  thrown  light  upon  some  of  the  causes  oy  which 
ebullition  is  facilitated.  He  has  found  that  the  presence  of  air  in 
solution  singularly  assists  the  evolution  of  vapour.  From  the 
increased  elasticity  which  the  dissolved  air  acquires  by  the  addi- 
tion of  heat,  minute  bubbles  are  thrown  off  in  the  interior  of  the 
liquid,  especially  where  it  is  in  contact  with  a  rough  surface; 
and  into  tnese  bubbles  the  steam  dilates  and  rises.  By  long  boil- 
ing of  the  water,  the  air  becomes  nearlv  all  expelled ;  in  such  a 
case  the  temperature  has  been  observed  to  rise  even  as  high  as 
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860°  in  an  open  glass  vessel,  which  was  then  shattered  with  a 
loud  report,  by  a  sudden  explosive  burst  of  vapour.  In  such  cir- 
cumstances the  force  of  cohesion  retains  the  particles  of  the  liquid 
throughout  the  mass  in  contact  with  each  other,  in  a  species  of 
tottering  equilibrium ;  and  when  this  equilibrium  is  overturned 
at  any  one  point,  the  repulsive  power  of  the  excess  of  heat  stored 
up  in  the  mass,  suddenly  exerts  itself,  and  the  result  is  an  explo- 
sion with  the  instantaneous  dispersion  of  the  liquid.  The  diffi- 
culty of  expelling  air  completely,  even  from  a  small  bulk  of 
water,  can  be  adequately  conceived  by  those  only  who  have  at- 
tempted it ;  ebullition  in  vacuo  for  a  very  considerable  period  is 
not  sufficient  to  effect  it.  In  the  slow  freezing  of  water  the  air 
previously  held  in  solution  is  perfectly  expelled.  In  consequence 
of  this  absence  of  air,  if  a  lump  of  ice  free  from  air  bubbles  be 
immersed  in  heated  oil,  so  as  to  melt  it  without  allowing  it  to 
come  into  contact  with  air,  the  temperature  of  the  water  may  be 
raised  many  degrees  above  its  boiling-point,  and  it  will  then  be 
suddenly  converted  into  steam  with  explosive  force.  Dufour 
finds  that  many  liquids  may  be  heated  far  beyond  their  normal 
boiling-point,  by  suspending  them  in  the  midst  of  a  liquid  of 
equal  density,  but  which  can  be  heated  sufficiently  without  itself 
beginning  to  boil.  If  the  globule  of  suspended  and  superheated 
•liquid  be  touched  with  any  solid  body,  it  bursts  into  vapour  with 
explosive  violence. 

"Where  the  latent  heat  of  the  vapour  is  low,  and  the  liquid 
has  comparatively  little  adhesion  to  air,  as  is  the  case  with  alco- 
hol, or  ether,  or  sulphuric  acid,  frequent  bumping  or  irregular 
boiling  occurs,  endangering  the  vessel  and  its  contents. 

(181)  2.  Influence  of  the  Solution  of  Solids  in  a  Liquid,  on  its 
Bowmg-PoirU.—Aiij  force  that  acts  in  opposition  to  the  repul- 
sive energy  of  heat  produces  a  corresponding  rise  in  the  boiling- 
point  ;  so  that  the  solution  of  a  salt  in  water,  by  the  influence  of 
adhesion,  always  elevates  the  point  of  ebullition,  and  the  more  so 
the  larger  the  quantity  of  salt  added.  Indeed  it  has  been  sup- 
posed that  jhe  quantity  of  salt  required  to  produce  a  certain  rise 
of  temperature  might  be  employed  as  a  measure  of  the  amount 
of  adhesion  between  the  liquid  and  the  salt  in  solution.  Legrand 
{Ann.  de  Chimie,  II.  lix.  423)  has  published  a  series  of  careful 
experiments  upon  seventeen  different  salts,  and  the  results  which 
he  has  obtained  possess  considerable  interest. 

It  might  be  supposed,  since  the  elasticity  of  vapour  increases 
with  the  temperature,  that  the  addition  of  a  larger  quantity  of 
salt  would  be  required  to  raise  the  boiling-point  from  213°  to 
214°  than  from  212°  to  213°.  In  only  three  cases,  however,  was 
this  effect  produced  ;  these  three  salts  stand  first  in  the  following 
table.  In  six  instances  the  effect  produced  was  exactly  the  re- 
verse ;  whilst  in  the  seven  instances  which  stand  lowest  in  the 
table,  the  successive  quantities  of  salt  which  it  was  requisite  to 
add  in  order  to  produce  a  successive  rise  in  the  boiling-point  of 
1°  decreased  up  to  a  certain  point,  and  beyond  this  steadily  in- 
creased.   The  salts  employed  were  all  used  in  the  anhydrous 
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state,  that  is  to  say,  they  were  dried  bo  as  to  be  entirely  deprived 
of  their  water  before  being  dissolved. 

Influence  of  Salts  in  Solution  on  the  Boilmg-Powd  of  Water. 


Same  of  the  Salt. 

Quantity  ofsalt  required 

to  laiae  the  boUine-polnt  of 

100  parts  of  liquid 

Boffln*;-pohit 

saturated 
eolntion. 

Quantity  of 

salt  In  100 

parte  of  water 

in  aatorated 

eolation. 

From  918*  to 
818°*8F. 

Prom  81 8* -8 
to  215°*6  F. 

(  Nitrate  of  Sodium. 

93 
10*0 
12*2 
14*6 

7*7 

9*0 
14*4 

99 
19*0 

21*0 

7*8 
10*0 
10*5 
18*0 
15*0 
16*7 
26*9 

9*4 
10*5 
14*2 
146 

6*7 

8*1 
12*8 

7*7 
12*9 

19*8 

61 
6*5 
9-5 
9*5 

10*8 
8*5 

20-8 

250 

240 
220 
227 
227 
220 
256 
220 

224 

288 
855 
886 
275 
804 
244 
288 

224-8 

unlimited 

885*1 

61*5 

41-2 

59*4 

•      48*5 

209*0 

80*1 

112*6 

88*9 
825-0 
798*2 
205*0 
862*2 
117*5 
296-2 

■1  Nitrate  of  Ammonium. 

(  Nitrate  of  Potassium. ...,.„, 

'  Chlorate  of  Potassium. 

f  Chloride  of  Sodinmr^*, ..*,*.. 

Chloride  of  Potassium. 

Carbonate  of  Sodium.. t. -„— 

-  Acetate  of  Hodinm.t.r-.t...»rr 

Chloride  of  Barium 

Tribasic  Phosphate  of*  So- ) 

1     dium  and  Hydrogen. ) 

f  Bal- Ammoniac  t«*  tit  ti*T.r«...t . 

Chloride  of  Calcium..,-* t*r 

Acetate  of  Potassium , 

-  Carbonate  of  Potassium 

Nitrate  of  Calcium.  ...,,. TTr- 

Chloride  of  Strontium ......... 

[Tartrate  of  Potassium 

Notwithstanding  their  high  boiling-point,  the  vapour  which 
rises  from  such  solutions  adjusts  itself  almost  immediately  to  the 
atmospheric  pressure,  and  is  not  permanently  hotter  than  the 
steam  of  boiling  water,  as  Faraday  and  Magnus  have  shown. 

On  comparing  together  solutions  which  contain  equal  weights 
of  different  salts,  it  will  be  found  that  the  most  soluble  salts  are 
by  no  means  uniformly  those  which  produce  the  greatest  eleva- 
tion of  the  boiling-point.  A  solution  containing  40  per  cent,  of 
common  salt  (very  nearly  saturated)  boils  at  226^5 ;  whilst  in  the 
case  of  nitre  (a  far  more  soluble  salt)  a  solution  of  the  same 
strength  boils  at  219°. 

(182)  8.  Influence  of  Preeeure  on  the  BoUvng-Point. — Since 
ebullition  consists  essentially  in  the  rapid  formation  of  vapour  of 
an  elasticity  equal  to  that  of  the  atmosphere  which  is  exerting  its 
pressure  on  the  surface  of  the  liquid,  any  diminution  of  that  pres- 
sure should  be  attended  with  a  corresponding  depression  of  the 
boiling-point ;  and  it  is  a  fact  that  water  which  has  long  ceased 
to  boil  under  the  usual  atmospheric  pressure,  may  be  at  once 
made  to  enter  into  ebullition  by  placing  it  under  the  receiver  of 
the  air-pump,  and  exhausting  the  air ;  by  this  means  water  may 
be  made  to  boil  at  a  temperature  of  70  F.  Indeed,  liquids  in 
general  boil  m  vacuo  at  from  60  to  140°  below  their  ordinary 
point  of  ebullition  when  under  a  barometric  pressure  of  thirty 
inches.  This  result  may  be  shown  by  boiling  some  water  in  a 
Florence  flask,  and  corking  up  the  flask  whilst  the  steam  is 
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aping  rapidly.  Upon  pouring  cold  water  oyer  the  upper  part 
of  we  flask  the  steam  is  condensed,  its  pressure  is  removed,  and 
the  water  begins  to  boil  briskly ;  but  in  this  case,  the  bubbles 
nearly  all  rise  from  the  surface,  not  from  the  bottom  of  the  liquid. 
A  simple  proof  that  steam  from  boiling  water  possesses  an  elas- 
ticity equal  to  that  of  the  atmosphere  is  obtained  by  repeating 
the  last  experiment  with  a  tin  canister,  instead  of  a  globular  flask. 
On  corking  up  the  canister,  and  pouring  cold  water  oyer  it,  the 
steam  within  is  suddenly  condensed,  a  vacuum  is  produced,  and 
the  canister  is  crushed  in  by  the  pressure  of  external  air. 

The  reduction  of  temperature  at  which  boiling  takes  place  is 
advantageously  applied  in  the  preparation  of  vegetable  extracts, 
the  medicinal  properties  of  which  would  be  impaired  by  the  ordi- 
nary temperature  of  212°,  and  by  exposure  to  the  air.  The  appa- 
ratus consists  of  a  still  and  a  receiver,  which  are  connected  by  an 
air-tight  joint,  and  are  filled  with  steam  to  expel  atmospheric  air, 
and  then  hermetically  sealed;  on  cooling  the  receiver,  rapid 
evaporation  and  ebullition  take  place  at  a  temperature  much 
lower  than  that  of  the  usual  boiling-point  of  the  liquid.  A  mod- 
ification of  this  process  is  used  in  the  manufacture  of  sugar,  both 
in  the  concentration  of  the  cane-juice  and  in  the  subsequent  evap- 
oration of  the  syrup. 

2.83)  Measurement  of  Height*  Tyu  the  Boilmq-Pomt. — As 
3  t  be  expected  in  consequence  of  the  diminution  of  atmos- 
pheric pressure,  it  is  found  that  on  ascending  from  the  earth's 
surface  the  temperature  at  which  water  boils  becomes  gradually 
lower.  In  descending  a  mine  the  effect  is  reversed,  ana  the  boil- 
ing-point becomes  proportionately  elevated.  De  Saussure  ob- 
served that  on  the  summit  of  Mont  Blanc,  which  is  15,650  feet 
(nearly  three  miles)  above  the  sea-level,  water  boils  at  185°*8 ; 
and  Wisse  determined  the  boiling-point  upon  Mount  Pichincha, 
at  an  altitude  of  15,940  feet,  to  be  185°#27  whilst  the  barometer 
stood  at  17-208  inches.  The  observation  of  the  point  at  which 
water  boils  at  any  particular  elevation  furnishes  an  easy  means 
of  determining  its  altitude  above  the  sea-level ;  a  difference  of 
about  506  feet  of  ascent  producing  a  variation  of  1°  F.  in  the 
boiling-point  of  water. 


Boiling-Points  of  Water  at  different  Pressures  * 

Bolline  Ft 

Barometer. 

BotlinpPt 

Barometer. 

Botllnjr.  Pt 

Barometer. 

Inohee. 

Inches. 

Inches. 

184 

16-676 

196 

21*124 

206 

26-529 

185 

17*047 

196 

21*676 

207 

27-068 

186 

17421 

197 

22-080 

208 

27-614 

187 

17-808 

198 

22498 

209 

28188 

188 

18196 

199 

22-965 

210 

28*744 

189 

18-598 

200 

28-454 

211 

29881 

190 

18-992 

201 

28987 

212 

29*922 

191 

19-407 

202 

24-441 

213 

80-516 

192 

19-822 

208 

25-014 

214 

81*120 

198 

20*264 

204 

25-468 

215 

81-780 

194 

20*687 

206 

25-992 

*  For  an  extended  table  of  this  kind,  Tide  Dixon  On  Heat,  p.  269. 
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Fig.  128. 


The  preceding  table  shows  the  temperature  at  which  water 
boils  at  the  corresponding  heights  of  the  barometric  column,  cal- 
culated by  Re^nault,  and  confirmed  by  direct  observation. 

The  necessity  of  attending  to  the  height  of  the  barometer  at 
the  time  of  making  a  careful  observation  upon  the  boiling-point 
of  any  liquid  will  now  be  obvious.  It  has  oeen  ascertained  that 
a  variation  of  one-tenth  of  an  inch  in  the  barometric  column 
makes  a  difference  of  more  than  a  sixth  of  a  degree  F.  in  the 
boiling-point ;  so  that  within  the  range  of  the  barometer  in  this 
climate  the  boiling-point  of  water  may  vary  5°. 

(184}  High-Prewwre  Steam. — As  a  reduction  of  the  pressure 
lowers  tne  boiling-point,  so  an  augmentation  of  the  pressure  raises 
it.  To  demonstrate  this  fact  an  apparatus  has  been  contrived, 
consisting  of  a  small  iron  boiler  (fig.  128),  furnished  with  three 
apertures  in  the  lid,  through  one  of  which  a  ther- 
mometer stem  is  passed  air-tight ;  through  the 
second,  a  long  glass  tube  open  at  both  ends  is 
inserted ;  the  lower  extremity  of  this  tube  plun- 

fes  below  the  surface  of  mercury  placed  in  the 
oiler,  above  which  a  quantity  of  water  is  in- 
troduced ;  the  third  aperture  must  be  furnished 
with  a  stop-cock.  It  will  be  found,  on  applying 
heat,  that  so  long  as  free  communication  with  the 
atmosphere  is  permitted  through  the  open  stop- 
cock, the  temperature  of  ebullition  will  remain 
steadily  at  212° ;  but  by  closing  the  cock,  the 
steam  may  be  confined,  and  as  fresh  portions  of 
steam  continue  to  rise  from  the  water,  the 
pressure  on  the  surface  increases,  as  is  shown 
by  the  rise  of  the  mercury  in  the  open  tube : 
the  boiling-point  also  becomes  higher;  until 
when  the  mercury  stands  at  30  inches,  and  the 
pressure  on  the  surface  is  equal  to  that  of  an  additional  at- 
mosphere, the  thermometer  marks  a  temperature  of  249°*5.  By 
continuing  the  heat  without  allowing  the  steam  to  escape,  the  boil- 
ing-point rises  still  higher,  and  the  elasticity  of  the  steam  increases 
with  increasing  rapidity  as  the  temperature  rises,  as  is  shown  by 
the  following  table  founded  upon  the  experiments  of  Begnault  :— 

Temperature  of  Steam  at  High  Pressures. 


Pressure  in 

Temp. 
•F. 

Bise  in  temp,  for 

Pressure  in 

Temp. 
•P. 

Bise  in  temp,  for 

atmospheres  of 

etch  additional 

atmospheres  of 

each  additional 

80  inch  mercury. 

atmosphere. 

80  inch  mercury. 

atmosphere. 

1 

212*0 

875 

11 

864*2 

•      6*9 

2 

249*5 

288 

12 

871-1 

6*7 

8 

278-8 

179 

13 

877-8 

6*2 

4 

291*2 

14-8. 

14 

884-0 

60 

0 

806-0 

12*2 

15 

890-0 

5*4 

6 

8182 

11-4 

16 

895*4 

5*4 

7 

829-6 

9-9 

17 

400*8 

51 

8 

339-5 

89 

18 

405-9 

4-9 

9 

848-4 

8*2 

19 

410-8 

4*6 

10 

8566 

7-6 

20 

415*4 
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These  results  differ  but  little  from  those  obtained  under  the 
direction  of  Dnlong  and  Arago,  by  a  commission  appointed  for 
the  purpose  many  years  ago  by  the  French  Government.  Thev 
found  the  temperature  of  steam  of  20  atmospheres  to  be  418°*4, 
and  calculated  that  if  the  elasticity  rose  to  50  atmospheres  the 
temperature  would  amount  to  610o,4. 

It  will  be  observed  that  the  increase  of  elasticity,  by  equal 
additions  of  heat,  is  more  rapid  at  high  than  at  low  temperatures, 
and  this  circumstance  (in  addition  to  the  greater  simplicity  01 
construction  of  the  machinery  in  high-pressure  engines)  is  one  of 
the  principal  reasons  for  the  increased  economy  of  power  ob- 
tained in  employing  high-pressure  steam  as  a  motive  power, 
when  compared  with  that  furnished  by  the  use  of  low-pressure 
engines,  feut  it  is  only  when  in  contact  with  a  body  of  water 
from  which  fresh  steam  is  constantly  rising,  that  the  elasticity 
augments  in  this  manner,  and  thus  produces  a  force  sufficient  to 
rend  asunder  the  strongest  vessels.  If  dry  steam  alone  be  heated, 
it  follows  the  law  which  regulates  the  expansion  and  elasticity  of 
gaseous  bodies  in  general  (±34, 197). 

High-pressure  steam  whilst  confined  is  always  of  the  tempera- 
ture of  the  water  from  which  it  is  produced  ;  it  is,  therefore,  often 
used  in  the  arts  to  supply  a  steady  temperature  above  that  of 
212°.  It  is  found  that  the  solvent  powers  of  water  are  much 
increased  by  the  elevation  of  temperature  caused  by  preventing 
the  free  escape  of  the  steam.  Papin's  digester  is  an  apparatus 
designed  to  effect  this  object ;  it  is  simply  a  strong  iron  vessel, 
furnished  with  a  safety-valve  for  regulating  the  pressure  at  which 
the  steam  is  allowed  to  blow  off.  The  water  may  thus  be  kept 
steadily  at  any  required  temperature  above  212*  as  long  as  is 
requisite.  The  gelatin  of  bones  may  by  this  means  be  easily 
extracted  from  tne  earthy  matter,  although  the  bones  may  be 
boiled  for  hours  in  water  at  212°  without  undergoing  any  such 
change. 

(185)  Production  of  Cold  ly  Vapori&ztion. — In  all  cases, 
whether  volatilization  occur  above  the  usual  boiling-point,  or 
below  it,  Jbeat  is  absorbed  in  large  quantities.  If  a  few  drops  of 
ether  be  allowed  to  fall  on  the  hand,  the  liquid  disappears  rapidly 
in  vapour,  and  produces  the  sensation  of  cold.  Indeed,  the  boil- 
ing of  one  liquid  may  be  attended  with  the  freezing  of  another 
which  is  brought  into  its  vicinity.  Place,  for  example,  a  drop  or 
two  of  water  Detween  two  watch-glasses,  pour  a  little  ether  into 
the  upper  glass,  and,  having  introduced  them  into  die  receiver 
of  the  air-pump,  exhaust  the  air ;  the  ether  will  speedily  boil, 
and  the  water  between  the  two  glasses  will  be  frozen,  oy  the 
rapid  abstraction  of  heat  which  it  has  experienced  during  the 
conversion  of  the  ether  into  vapour.*     Water,  as  Leslie  has 

*  Mr,  Harrison  has  oontriyed  an  ingenious  freezing-apparatus  upon  this  principle : 
one  form  of  the  instrument  is  figured  in  the  Pharmaceutical  Journal  (tvL  4111.  About 
ten  gallons  of  ether  are  placed  m  a  small  metallic  multitubular  boiler,  which  is  immers- 
ed in  a  strong  solution  of  salt  and  water,  contained  in  a  wooden  trough  cased  in  a  non- 
conducting material.    The  boiler  is  connected  with  an  exhausting  pump,  by  working 
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shown,  may  even  be  frozen  by  the  rapid  absorption  of  heat  occa- 
sioned by  its  own  evaporation.  This  experiment  may  be  per- 
formed by  supporting  a  watch- 
glass  (t,  fig.  129)  containing  wa- 


Fio.  129. 


ter,  over  a  dish  of  vitriol,  s,  un- 
der the  receiver  of  the  air-pump, 
p.  On  exhausting  the  air,  the 
water  evaporates  quickly,  the  va- 
pour being  removed  with  great 
avidity  by  the  oil  of  vitriol  as 
fast  as  it  is  formed ;  and  in  two 
or  three  minutes  the  water  which 
remains  in  the  watch-glass  be- 
comes converted  into  ice. 


which  the  ether  is  caused  to  evaporate  rapidly,  and  the  temperature  of  the  boiler  is 
proportionably  reduced,  at  the  expense  of  the  salt  water  around  it  This  salt  water  is 
made  to  flow  off  gradually,  through  a  channel  containing  a  series  of  metallic  vessels, 
each  capable  of  containing  14  or  16  lb.  of  the  water  to  be  frozen.  The  salt  water,  which 
is  reduced  at  first  to  a  temperature  of  about  24°  is  returned  again  by  a  small  pump 
when  its  temperature  has  risen  to  about  28° ;  and  it  is  again  made  to  flow  around  the 
boiler  in  which  the  ether  is  evaporating,  so  that  a  perpetual  circulation  of  cold  salt 
water  is  maintained:  the  ether,  the  votatfliiation  of  which  has  caused  the  reduction  of 
temperature,  is  condensed  in  a  worm  by  means  of  a  current  of  cold  water,  and  is  return- 
ed, with  scarcely  any  loss,  to  the  boiler.  The  inventor  states  that,  for  every  ton  of  coal 
consumed  in  working  the  pumps,  8  tons  of  ice  are  produced,  and  there  is  reason  to  be- 
lieve that  the  quantity  of  ice  would  have  been  proportionately  greater  if  the  apparatus 
had  been  more  perfectly  mounted.  A  similar  form  of  apparatus,  in  which  the  evapora- 
tion of  ammonia  is  made  use  of  for  the  production  of  a  low  temperature,  was  exhibited 
in  London  at  the  International  Exhibition  of  1862  by  MM.  Carre  and  Co. 

Fig.  180  represents  the  apparatus:  ▲  is  a  strong 
boiler  of  wrought  iron,  filled  for  three-quarters  of  its 
capacity  with  a  concentrated  solution  of  ammonia ; 
b,  a  wrought-iron  annular  condenser,  shown  in  sec- 
tion, connected  with  the  boiler  by  pipes  specially  ar- 
ranged with  a  view  to  prevent  the  liquid  from  boiling 
over  into  the  receiver.  In  order  to  use  the  instru- 
ment, the  boiler  is  laid  upon  its  side,  with  the  con- 
denser upwards,  for  about  ten  minutes,  so  as  to  allow 
all  the  liquid  to  drain  back  into  the  boiler,  the  expul- 
sion of  the  liquid  being  facilitated  by  heating  the 
condenser  with  a  lamp.  The  boiler  fejthen  heated 
very  gradually  by  means  of  a  stove  or  large  gas- 
burner,  and  the  condenser  plunged  into  a  vessel  of 
cold  water,  through  which  a  stream  of  cold  water  is 
kept  running.  A  little  water  is  placed  in  the  cup,  d, 
in  the  bottom  of  which  is  a  screw-cock  communicat- 
ing with  the  interior.  Distillation  is  next  proceeded 
with,  until  the  temperature  of  the  boiler  has  risen  to 
about  270°,  when  the  ammonia  will  have  been  in  great  measure  expelled  from  the  liquid, 
and  condensed  in  the  receiver  under  the  pressure  of  its  own  particles.  The  boiler  is 
then  withdrawn  from  the  fire,  the  water  in  the  cavity,  b,  is  allowed  completely  to  drain 
away,  a  cork  is  put  into  the  hole  at  the  bottom  of  the  space,  b,  and  a  little  alcohol  is 
poured  into  the  cavity,  after  which  the  vessel  containing  the  water  to  be  frozen  is  intro- 
duced. The  boiler  is  plunged  into  a  vessel  of  cold  water,  and  kept  cool  by  a  rapid 
current  of  cold  water,  whilst  the  condenser  is  wrapped  in  flannel,  and  the  apparatus  is 
left  to  itself. 

If  air  finds  admission  into  the  interior,  the  rapidity  of  congelation  may  be  greatly 
reduced.  In  such  a  case  it  becomes  necessary  to  get  rid  of  the  air,  and  it  may  be 
expelled  in  the  following  manner:— The  temperature  of  the  boiler  having  been  raised 
to  about  140%  water  having  been  placed  in  the  cup,  d,  the  screw  at  the  bottom  of  the 
cup  which  communicates  with  the  receiver  is  slightly  relaxed ;  if  air  be  present,  the 
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Water  is  also  frozen  by  its  own  evaporation  in  the  Oryophorus, 
which  derives  its  name  from  icpvo*;  frost,  (bopbs  bearing,  in  allusion 
to  its  mode  of  action ;  condensation  of  the  vapour  being  effected 
by  the  application  of  a  freezing-mixture,  at  a  distance  from  the 
evaporating  surface.  The  apparatus  consists  of  a  long  glass  tube 
bent  twice  at  right  angles,  and  terminating  in  a  bulb  at  each 
extremity,  as  shown  in  ng.  131.    In  making  the  instrument,  one 

Fie.  181, 


of  these  bulbs  is  partially  filled  with  water,  which  is  then  made 
to  boil  briskly ;  the  steam  thus  generated  expels  the  atmospheric 
air  through  a  capillary  opening  left  in  the  other  bulb,  and  when 
the  instrument  is  thus  freed  from  air,  and  filled  only  with  water 
and  vapour  of  water,  the  aperture  is  sealed.  To  make  use  of  it, 
the  water  is  all  collected  into  one  bulb,  and  the  empty  bulb  is 
plunged  into  a  freezing-mixture }  the  aqueous  vapour  which  this 
bulb  contains  is  thereby  condensed,  and  evaporation  occurs  rap- 
idly from  the  surface  of  the  liquid  in  the  other  bulb ;  its  sensible 
heat  is  thus  diminished,  and  the  water  in  a  few  minutes  begins 
to  freeze.  The  bulb  containing  the  water  should  be  protected 
from  currents  of  air  by  enclosing  it  in  a  glass,  as  shown  in  the 
figure. 

(186)  Measurement  of  the  Latent  Heat  of  Vapours. — Equal 
weights  of  different  liquids  require  very  different  amounts  of  heat 
to  convert  them  into  vapour.  The  amount  of  heat  which  is  thus 
rendered  latent  may  be  determined  by  distilling  over  a  given 
weight  of  the  liquid,  and  condensing  it  in  a  large  volume  of 
water,  the  temperature  of  which  is  noted  before  and  after  the 
experiment.  Suppose  the  latent  heat  of  steam  to  be  966°, — a 
pint  of  water  converted  into  steam  would  on  recondensation  raise 
the  temperature  of  10  pints  96°*6.  It  is  found  that  a  gallon  of 
water,  it  converted  into  steam  of  212°,  and  condensed  again  into 
the  liquid  form,  would  raise  about  5A  gallons  of  water  from  32° 
to  212\ 

We  owe  to  Andrews  (Q.  J.  CJiem.  Soa,  i.  27),  a  careful  deter- 
mination of  the  latent  heat  of  a  number  of  vapours :  fig.  32  shows 
the  mode  of  procedure  which  he  adopted.  The  liquid  to  be  tried 
is  placed  in  the  flask  a,  the  neck  of  which  has  a  very  6hort  bend, 
ana  is  connected  with  a  glass  receiver,  b,  furnished  with  a  spiral 

ffisengaged  gas  will  carry  a  portion  of  the  air  with  it,  which  win  rise  to  the  surface  of 
the  water,  whilst  the  ammonia  is  dissolved :  as  soon  as  the  escaping  gas  is  wholly  dis- 
solved by  the  water,  the  screw  must  be  closed  firmly,  and  the  distillation  proceeded 
.with  as  above  directed. 
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Fig.  182. 


condensing-tube,  terminating  at  d;  this  receiver  is  placed  in  a 
vessel,  c,  with  a  considerable  quantity  of  water,  which  has  been 

accurately  weighed.  The  liquid 
is  distilled  over  into  b  :  the  quan- 
tity that  condenses  is  carefully 
weighed,  and  the  rise  of  temper- 
ature experienced  by  the  water 
used  for  condensation  is  estimated 
by  a  very  sensitive  thermometer, 
t  The  whole  is  enclosed  in  an 
outer  tin-plate  vessel  furnished 
with  a  lid,  which  acts  as  a  screen, 
and  it  is  further  protected  from 
the  radiation  of  the  lamp  by  the 
tin-plate  screen  b;  8  is  a  light 
glass  tube  for  agitating  the  water. 
The  result  obtained  has,  however, 
to  be  corrected  by  other  experi- 
ments for  the  heat  absorbed  by 
the  metallic  parts  of  the  appara- 
tus, and  for  that  which  is  lost  by 
radiation  during  the  time  that 
the  experiment  lasts ;  allowance 
has  also  to  be  made  for  the  heat  which  the  condensed  liquid 
has  given  out  after  its  liquefaction,  in  cooling  down  from  its 
boiling-point  to  the  temperature  of  the  water  used  in  the  con- 
denser. 

The  results  obtained  in  this  delicate  branch  of  inquiry  by 
Despretz,  and  by  Brix,  which,  however,  embraced  a  mucn  smaller 
number  of  liquids,  agree  pretty  closely  with  each  other  and  with 
the  experiments  of  Andrews.  These  results,  with  some  of  those 
obtained  by  Favre  and  Siibermann,  who  also  have  made  numer- 
ous experiments  upon  this  subject  {Arm.  de  Chimie,  HI.  xxxvii. 
46),  are  given  in  the  following  table. 

The  numbers  which  represent  the  latent  heat  of  equal  volumes 
of  each  vapour  are  obtained  by  multiplying  the  numbers  in  the 
fourth  column  by  the  atomic  weight  of  each  compound,  divided 
bv  18,  the  number  for  fhe  molecule  of  aqueous  vapour,  IB^O. 
Tue  numbers  contained  in  the  third  column  indicate  the  quanti- 
ties of  water  in  pounds,  the  temperature  of  which  would  be  raised 
1°  F.  by  condensation  into  the  liquid  form  of  a  pound  weight  of 
the  vapours  of  each  of  the  various  liquids  mentioned  ;  the  liquid 
condensed  being  supposed  in  each  case  to  be  at  the  temperature 
of  its  own  boiling-point.  For  instance,  the  conversion  of  one 
pound  of  steam  at  212°  into  water  at  212°  would  raise  966*6 
pounds  of  water  from  60°  to  61°  F.  So  the  condensation  of  one 
pound  of  the  vapour  of  alcohol  at  173°  into  liquid  alcohol  at  178° 
would  heat  374*9  pounds  of  water  from  60°  to  61°. 
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Latent  Heat  of  Vapours. 


Equal  wts. 
•0. 

Equal  wto. 
•P. 

Equal  wts. 
8taam=1000i 

Equal  Tola. 
8team=100a 

Obtorrer. 

586*67 

966*6 

1000 

1000 

Regnaah 

586-90 

964-6 

997-9 

Andrews 

268-70 

474-6 

491-0 

872*9 

u 

268-86 

4751 

491-5 

878-8  ) 
991-8  J 

Farreand 

208-81 

874*9 

8878 

Silbermmnn 

202-40 

864-8 

876-9 

9681 

Andrews 

121-87 

218-4 

226*9 

1104-7 

F.  and  a 

120-72 

217*8 

224*8 

574-4 

u 

11710 

210-7 

218-0 

726-6 

Andrews 

114-67 

206-4 

218*6 

1048-8 

F.  and  a 

110-20 

198-8 

205-4 

848-6 

Andrews 

105-80 

189-5 

196-0 

8060 

u 

108-52  . 

186-8 

192-7 

10920 

F.  and  a 

101-91 

188-4 

189-7 

682-8 

cc 

10680 

190-4 

197-0 

9680 

u 

92-68 

166-8 

172-6 

848*5 

Andrews 

90-45 

162-8 

168-4 

692*8 

u 

9111 

168*5 

169*1 

695-4 

F.anda 

8788 

157.2 

162*8 

921-5 

u 

86-67 

1560 

161*4 

681-4 

Andrews 

70-02 

126-0 

180-8 

986-1 

F.anda 

80-00 

144-0 

149-0 

1125*6 

Brix 

74-00 

188-2 

1878 

1040*5 

u 

68-78 

128-7 

128*0 

966*9 

F.anda 

67-21 

120-9 

1250 

9450 

u 

72-72 

180-8 

185-8 

1097*5 

Andrews 

69-40 

124-9 

129-2 

1184-0 

F.anda 

58-44 

105-1 

108*7 

1452*0 

« 

51-42 

92-5 

96-7 

752-9 

Andrews 

46-87 

84-8 

872 

756-8 

14 

46-07 

82-9 

85-8 

6718 

u 

45-60 

82-0 

84-8 

7541 

u 

80-58 

54-9 

56-8 

820-0 

M 

28*95 

481 

44-6 

627*9 

F.anda 

Water 

u     ###t 

Wood  8j^3~J"*!!""!" 

tt  u  ........... 

Akohoi r.!!!!"r.r.,.r.!!!! 

44 

Fouiel  00 

Formic  Acid. 

Formiate  of  Methyl- 

Butyric  Acid 

Acetate  of  Methyl 

Formic  Ether 

Valeric  Add 

Acetic  Acid. 

Acetic  Ether. 

44  44 

Ether .7.!!!!!3.'.!!Z 

44 

Butyrate  of  MethyL" 

Bisulphide  of  Carbon 

(Ml  of  Lemons 

u  u 

Oil  of  Turpentine. 

a  u 

Terebene... 

Oxalic  Ether 

Amyttc  Ether 

EthaL 

Tercbloride  of  Phosphorus., 

Iodide  of  Ethyl 

Iodide  of  MethyL 

Bromine  ■•• •.••.......•.... 

Perchloride  of  Tin. 

Iodine 


(187)  The  density,  that  is  to  say  the  weight,  of  a  given  volume 
of  steam  increases  directly  as  its  elastic  force.  Watt  concluded 
from  his  experiments  that  the  same  weight  of  steam,  whatever 
its  density  may  be,  contains  the  same  quantity  of  heat,  its  latent 
heat  being  increased  in  proportion  as  its  sensible  heat  is  dimin- 
ished or  absorbed.    For  instance — 

A  certain  weight  of  steam  at  212°  )      180°  of  sensible  heat,  and 
F.,  condensed  at  82°,  gives  out J      950°  of  latent  heat. 


Amounting  together  to 


1130° 


218°  of  sensible  heat 


The  same  weight  of  steam  at  250°, ) 
condensed  at  32°,  gives  out        J 
But  only 912°  of  latent  heat 

Still  amounting  together  to  .    .    .      1130° 
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The  same  w^ght  of  Bteam  at  100°, )      6go   f        ^  h 
condensed  at  32°,  gives  out        J  w   «wu»iu«>  n^t, 

But  now  as  much  as 1062°  of  latent  heat 

Making  together,  as  before  .    .    .      1130° 

Regnault  has,  however,  shown  by  a  series  of  laborious  experi- 
ments, that  although  the  assumption  of  this  rule  may  not  lead  to 
serious  errors  in  practice,  and  although,  consequently,  there  is 
but  little  saving  of  fuel  in  performing  evaporations  at  a  low  tem- 

{)erature,  yet  that  it  is  not  strictly  correct.  It  is  true  that  the 
atent  heat  decreases  as  the  sensible  heat  rises,  but  this  diminu- 
tion is  less  rapid  than  the  rise  in  sensible  heat ;  for  in  reality,  the 
sum  of  the  latent  and  sensible  heat  increases  as  the  temperature 
rises,  by  a  constant  quantity,  e<jual  for  each  degree  F.  to  0°*305  : 
this  may  be  seen  in  the  subjoined  table,  in  which  it  is  assumed 
that  the  sensible  heat  of  steam  may  be  neglected  for  all  degrees 
below  the  zero  of  Fahrenheit : — 

Latent'and  Sensible  Heat  of  Steam  at  different  Temperatures. 


Pressure  in 
atmospheres. 

Temperature. 

Latent  neat 

Bam  of  latent  and 
sensible  heat 

000146 
000608 
1-00000 
8-00000 

0° 
82* 
212° 
889°-5 

1114* 
1091°-7 
966*-6 
87T-8 

1114° 
1128*-* 
1178°* 
1216°-8 

It  must  be  borne  in  mind  that  equal  bulks  of  different  liquids 
produce  very  different  volumes  of  vapour.  Water  furnishes,  bulk 
for  bulk,  a  much  larger  amount  than  any  other  liquid,  a  cubic 
inch  of  water  at  212°  expanding  to  nearly  a  cubic  foot  of  steam 
at  212°,  or  more  accurately  to  1696  times  its  volume.  The  fol- 
lowing table  shows  the  volume  of  vapour  which  is  furnished  by  a 
cubic  inch  of  four  different  liquids,  at  their  respective  boiling- 
points.  Equal  volumes  of  different  vapours,  taken  at  the  boiling- 
points  of  their  respective  liquids,  consequently  possess  very  differ* 
ent  weights,  as  is  shown  by  the  last  column  of  the  table : — 


1  enblo  Inch  of  eaoh 

liquid  at  60°  F.  yields  in 

the  esse  of 

Cnbio  inches  of 

yapoarat 
Its  boiling-point 

Boiling-point 

Weight  in  grains  of  100 

cubic  in.  of  each  raponr 

at  1U  boiling-point 

Water 

1696 
528 
298 
198 

212 

m 

95 
814 

14-98 

40*49 

64-71 

11  Wl 

Alcohol  .»,.,...t....f 

Ether 

Oil  of  Turpentine..... 

The  expansive  force  of  the  different  vapours  obviously  de- 
pends upon  the  bulk  of  vapour  produced  from  an  equal  bulk  of 
each  liquid ;  and  although  the  latent  heat  required  to  convert 
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equal  bulks  of  other  liquids  into  vapour  is  much  less  than  that 
required  for  steam,  jet  no  economy  would  be  experienced,  even 
did  they  cost  no  more  than  water,  by  substituting  these  liquids 
for  water,  as  the  materials  for  generating  vapour  in  the  steam- 
engine. 

Experiments  already  quoted  have  shown  that  equal  volumes 
of  alcoholic  and  of  aqueous  vapour  contain  nearly  equal  amounts 
of  latent  heat  at  their  respective  boiling-points :  and,  as  will  be 
seen  from  the  results  given  in  the  fifth  column  or  the  table  (page 
301),  an  approach  to  this  equality  may  be  observed  in  the  case 
of  vapours  from  some  other  liquids.    It  is  not,  however,  true  as  a 

general  proposition,  that  equal  volumes  of  vapour  of  different 
quids,  under  equal  pressures,  contain  equal  amounts  of  latent 
heat  The  cost  in  fuel  of  effecting  the  evaporation  of  different 
liquids,  would  be  proportionate  to  the  amount  of  latent  heat  in 
equal  volumes  of  the  vapours  at  their  respective  boiling-points, 
that  is  to  say,  at  the  points  at  which  they  possess  equal  amounts 
of  elastic  force. 

When  steam  of  high  elasticity  is  allowed  to  escape  suddenly 
into  the  air  from  a  small  aperture,  the  temperature  is  so  much 
reduced  that  the  hand  may  be  held  in  it  with  impunity,  although, 
as  is  familiarly  known,  steam  of  the  ordinary  elasticity  of  the  air 
scalds  severehr.  The  chief  cause  of  this  redaction  of  temperature 
in  the  case  or  high-pressure  steam  is  the  sudden  and  tbrcible  ad- 
mixture of  the  steam  with  air  at  the  first  rash.  Young  proved, 
experimentally,  that  a  stream  of  air  or  vapour  (fig.  133,  1)  escap- 
ing slowly  into  the  air  passes  further  in  an  ^  183 
unbroken  column  than  a  stream  issuing  with  ^^=r\ 
violence  (fig.  133,  2) ;  in  the  latter  case,  the  £i '^~  ,x 
reaction  of  the  steam  and  air  one  against  the  (r^^^^\ 

other,  causes  their  immediate  intermixture.  v^T,.  "^)  , - 

So  great  is  the  rarefaction  of  air  in  the  axis  ^  * ' ""  ^^^ 
of  the  jet  from  its  sudden  expansion,  that 
a  solid  body  of  some  weight  may  be  sus- 
pended in  the  issuing  steam,  not  only  when 
it  is  escaping  vertically  into  the  air,  but 
even  when  it  is  inclined  at  an  angle  of  sev- 
eral degrees  from  the  perpendicular.  If  a 
tube  several  inches  in  length  be  drawn  out 
at  one  extremity  to  a  fine  aperture,  and  this 
contracted  aperture  be  placed  in  the  axis 
of  the  cone  of  issuing  vapour,  whilst  the 
other  end  dips  into  a  vessel  containing  a 
liquid,  the  latter  may  be  raised  seven  or 
eight  inches,  and  may  even  be  projected  in 
a  stream  from  the  upper  orifice  of  the  tube. 
The  amount  of  air  thus  carried  forward         x  * 

is  so  considerable,  that  a  jet  of  steam  is  employed  with  good  effect 
as  a  moving  power  in  ventilation.  In  this  case  the  jet-pipe  is 
placed  in  the  axis  of  a  tube  communicating  with  the  apartment 
to  be  ventilated ;  the  size  and  position  of  the  orifice  of  this  outer 
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tube  are  regulated  so  that  the  cone  of  issuing  steam  shall  exactly 
fill  the  opening  (fig.  134, 1) ;  if  the  outer  tube  be  of  larger  dimen- 
sions, a  loss  of  power  is  experi- 
enced, in  consequence  of  part  of 
the  force  being  expended  m  pro- 
ducing a  downward  current  of 
the  external  air  (3) ;  if  too  small, 
a  loss  is  experienced  by  friction 
against  the  sides  of  the  tube  (2). 
The  working  of  a  steam-en- 
gine depends  upon  the  genera- 
tion of  elastic  force  in  steam  by 
the  agency  of  heat,  and  its  instan- 
taneous destruction  by  the  appli- 
cation of  cold,  which  condenses 
the  vapour;  alternate  motion  in 
opposite  directions  is  thus  readily 
obtained,  which  may  be  applied 
by  various  mechanical  contrivan- 
ces to  the  production  of  any  re- 
quired movement  The  theory 
of  latent  heat  is  all-important  in 
the  working  of  the  steam-engine ;  but  the  practical  application 
to  this  purpose  of  the  principles  above  developed  is  beyond  the 
object  of  this  work, 

(188)  ZHstiUation.— The  rapid  formation  of  vapour  during 
ebullition  is  often  made  use  of  by  the  chemist  for  the  purpose  or 
separating  liquids  from  solids, — as  in  the  ordinary  case  of  distill- 
ing water  to  tree  it  from  the  impurities  dissolved  in  it,  or  for  the 
separation  of  two  liquids  which  aiffer  in  volatility,  as  in  procuring 
spirit  of  wine  from  a  fermented  liquor.  In  such  operations  the 
arrangements  for  condensation  acquire  considerable  importance ; 
they  are  of  various  kinds,  but  the  warm-tub  is  the  apparatus  most 
usually  employed :  it  consists  of  a  spiral  pipe  called  a  ivorm, 
which  is  shown  in  fig.  135,  surrounded  by  a  considerable  quantity 
of  cold  water ;  the  vapour  passes  from  the  boiler  into  the  worm, 
is  condensed,  and  runs  off  at  the  lower  aperture  into  suitable  re- 
ceivers. Fresh  additions  of  cold  water  are  continually  required  in 
the  refrigeratory,  as  the  worm  and  tub  are  called.  The  heat  is 
greatest  in  the  upper  coils,  where  the  hot  vapour  enters ;  and  as 
tne  heated  water,  from  its  diminished  specific  gravity,  remains  at 
the  top,  it  is  necessary,  in  supplying  tne  fresh  water  for  cooling, 
to  allow  it  to  enter  at  the  bottom  of  the  vessel,  while  the  heated 
portions  flow  off  at  the  upper  part.  The  object  of  giving  to  the 
steam-pipe  an  ascending  direction,  as  it  passes  to  the  condenser,  is 
to  insure  the  return  to  the  boiler  of  any  particles  of  liquid  which 
may  have  been  mechanically  carried  up  by  the  breaking  of  the 
bubbles  in  the  act  of  ebullition. 

Various  modifications  of  condenser  are  employed  in  the  labor- 
atory. A  convenient  form  of  the  apparatus  is  that  known  as 
Iiebig's.    It  consists  of  an  outer  metallic  tube,  through  the  axis 
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of  which  a  glass  tube  is  passed,  and  is  supported  by  perforated 
corks:  the  space  between  the  two  tubes  is  filled  with  water, 


Fig.  185. 


which  is  continually  renewed  by  cold  water  supplied  by  a  funnel 
near  the  lower  extremity,  while  the  hot  water  escapes  at  the  other 
end.  The  method  of  using  it  is  sufficiently  indicated  by  the 
annexed  figure. 

Fig.  186. 
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When  the  products  of  distillation  are  not  very  volatile,  it  is 
often  found  convenient  to  make  use  of  the  evaporation  of  water 
from  the  neck  of  the  retort  as  a  means  of  condensation.    Fig.  137 


shows  a  method  by  which  this  can  be  effected,  the  neck  of  the 
retort  being  prolonged  by  the  addition  of  the  conical  tube  or 
adapter.  Pieces  of  blotting-paper  are  used  to  distribute  the  water 
as  it  trickles  slowly  from  the  funnel,  the  throat  of  which  is  ob- 
structed by  a  plug  of  tow ;  the  superfluous  water  is  carried  off 
into  a  jug  or  other  vessel  placed  to  receive  it,  by  means  of  a  fillet 
of  tow  twisted  round  the  neck  of  the  retort,  lie  progress  of  the 
distillation  is  hastened  by  covering  the  arc  of  the  retort  with  a 
cap  of  brown  paper  or  of  tin-plate ;  a  chamber  of  hot  air  is  thus 
maintained  in  contact  with  the  upper  part  of  the  retort,  and  the 
vapour  is  prevented  from  condensing  where  it  would  necessarily 
return  again  into  the  mass  of  liquid  undergoing  distillation. 

The  complete  separation  of  two  liquids  which  differ  in* vola- 
tility cannot,  however  be  "effected  by  mere  distillation,  because  a 
certain  proportion  of  the  less  volatile  one  always  passes  over  with 
that  which  is  the  more  volatile.  The  separation  of  alcohol  with 
water,  for  example,  is  never  completely  effected  by  distillation ; 
because  at  173°  (the  boiling-point  of  alconol)  the  tension  of  aqueous 
vapour  is  still  considerable ;  indeed  it  is  sufficient  to  balance  a  col- 
umn of  mercury  nearly  13  inches  in  height.  In  the  first  distilla- 
tion of  the  fermented  liquor,  a  considerable  portion  of  water,  there- 
fore, comes  over  with  the  spirit.  The  less  the  amount  of  spirit 
originally  contained  in  the  liquid,  the  larger  is  the  proportion  of 
water  in  the  distilled  liquor.  By  a  second  distillation,  the  pro- 
portion of  water  in  the  distillate  is  reduced  ;  and  the  process  may 
be  repeated  with  like  effect  until  the  reduction  of  the  proportion 
of  water  in  each  successive  product  of  distillation  no  longer  com- 
pensates for  the  waste  and  expense  of  the  operation.  An  i9g0N ' 
nious  method  of  dispensing  with  the  necessity  for  these  frequent 
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and  costly  rectifications  was  devised  by  a  Frenchman  of  the  name 
of  Adam.  By  its  means  he  succeeded  in  carrying  the  concentra- 
tion at  a  single  operation  to  the  highest  point  attainable  by  mere 
distillation.  The  principle  of  this  invention  consists  in  connect- 
ing together  a  number  of  rectifying  chambers,  in  such  a  manner 
that  the  vapour  driven  off  from  the  chamber  nearest  the  fire  shall 
be  condensed  in  the  second,  and  by  the  heat  given  out  in  its  con- 
densation shall  cause  the  more  volatile  portions  of  the  liquid  of 
the  second  to  distil  into  the  third  chamber,  and  those  of  the  third 
into  the  fourth,  and  so  on  till  a  sufficient  degree  of  concentration 
is  effected.  The  most  effective  method  of  attaining  this  object  is 
exhibited  in  the  form  of  still  called,  from  its  inventor,  Coffetfa  still. 
Fig.  138  represents  a  section  of  one  of  these  stills,  b  b'  is  the 
bo3y  of  the  still,  which 
is  made  of  copper,  and 
enclosed  in  a  case  of 
wood,  to  prevent  loss 
of  heat ;  upon  the  body 
two  columns,  df,hk, 
are  supported:  o  is  the 
vessel  from  which  the 
liquor  for  distillation  is 
raised  by  the  pump,  q  ; 
the  liquor  enters  the 
column  h  x,  by  the 
long  spiral  pipe  l  l, 
by  which  it  is  ultimate- 
ly conveyed,  through 
tne  pipe  my  to  the  top 
of  the  column  dp.  The 
heat  employed  in  the 
distillation  is  not  the 
direct  heat  of  a  fire, 
but  is  procured  by  in- 
jecting steam  obtained 

from  a  boiler  not  shown  in  the  figure.  The  steam  enters  the 
body  of  the  still  through  the  pipe  a  ;  the  amount  of  steam 
admitted  being  regulated  by  a  valve,  the  handle  of  which  is 
shown  at  f.  b  b'  is  divided  into  two  chambers,  by  means  of 
a  copper  shelf,  pierced  with  numerous  small  holes,  which  allow 
the  passage  of  steam  upwards,  though  they  are  sufficiently  small 
to  prevent  the  descent  of  any  considerable  quantity  ot  liquid 
which  may  be  resting  upon  the  shelf.  The  steam  is  at  first  con- 
densed in  the  cold  liquid  of  the  lower  chamber,  but  it  quickly 
raises  this  liquid  to  tne  boiling-point,  driving  off  the  alcoholic 
portions  first,  as  they  are  the  most  volatile.  This  vapour  traver- 
ses the  liquid  which  rests  in  b',  on  the  perforated  shelf,  and 
gradually  raises  it  to  the  boiling-point,  driving  off  from  it  the 
alcohol  m  vapour ;  this  vapour  passes  off  by  a  pipe,  z,  to  the 
bottom  of  the  column  d  f.    This  column  is  divided  into  a  series 
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of  compartments,  by  perforated  shelves  of  copper ;  each  of  these 
shelves  is  provided  with  a  pipe  for  carrying  off  the  liquid  to  the 
shelf  below.  This  pipe  is  long  enough  to  cup  below  the  surface 
of  the  liquid  on  the  snelf  beneath  it,  and  projects  about  an  inch 
above  the  upper  surface  of  the  shelf  to  which  it  is  attached ;  a 
stratum  of  liquid,  about  an  inch  in  depth,  is  thus  retained  upon 
each  shelf,  and  is  traversed  by  the  vapours  which  ascend  from 
the  shelf  next  below  it.  The  wash,  or  liquid  for  distillation,  hav- 
ing become  heated  during  its  passage  through  the  spiral  pipe  in 
the  column  h  k,  falls  upon  the  uppermost  perforated  shelf  in  d  f, 
flows  off  at  the  farthest  end  of  that  shelf,  and  then  falls  upon  the 
next  shelf;  thence  it  passes  to  the  third,  and  so  on  in  succession 
to  each  shelf :  as  it  descends,  it  encounters  the  ascending  vapours, 
which  at  each  successive  step  of  the  ascent  become  more  ana  more 
alcoholic — the  wash,  as  it  descends,  becoming  weaker  and  weak- 
er, until  when  it  reaches  the  vessel  b  b',  it  is  wholly  deprived  of 
spirit  If  the  quantity  of  the  ascending  vapour  should  become  at 
any  time  too  great  to  pass  through  the  perforations  in  the  shelves, 
the  pressure  opens  the  valves  t  t,  which  are  provided  for  security 
in  each  shelf.  The  vapour  having  reached  the  top  of  the  column 
n  f,  is  conveyed  by  the  steam  pipe  i  i  n,  to  the  bottom  of  the 
finishing  column* or  rectifier  h  k.  The  lower  part  of  this  column, 
as  high  as  the  pipe  t,  is  constructed  exactly  upon  the  same  plan 
as  the  column  dp,  but  in  each  compartment  between  the  shelves 
the  spiral  pipe  l  l  makes  three  or  four  convolutions,  and  thus 
becomes  warmed  by  the  ascending  heated  vapours.  In  this 
second  column  the  spirituous  liquid  distilled  over  from  the  first 
column  undergoes  a  successive  rectification  upon  each  of  the* 
lower  shelves,  and  becomes  more  and  more  concentrated  by  the 
ascent  of  the  alcoholic  vapours,  which,  by  their  condensation  at 
each  successive  stage,  emit  sufficient  of  the  heat  previously  held 
latent  to  effect  the  distillation  of  the  more  volatile  portions  of 
the  liquid  by  which  they  are  condensed.  The  five  upper  shelves 
of  this  column  merely  act  as  a  condenser  for  the  alcoholic  va- 
pours ;  these  shelves  are  not  perforated,  and  are  attached  to  the 
alternate  sides  of  the  column,  leaving  a  narrow  passage  at  one 
end  of  each  shelf,  so  as  to  oblige  the  vapours  to  describe  a  zigzag 
direction :  the  pipe  y  carries  off  the  finished  spirit  into  proper 
receivers ;  the  pipe  b  carries  off  any  uncondensed  spirituous  va- 
pour to  a  refrigeratory,  whilst  the  weak  spirit  which  reaches  the 
lower  part  of  the  column  is  returned  by  the  pipe  s  to  the  vessel  o. 
The  spent  wash,  as  it  accumulates  in  b  b',  is  arawn  oft'  at  inter- 
vals, and  the  still  can  thus  continue  its  operations  without  inter- 
mission. 

(189)  Evaporation. — All  liquids,  at  temperatures  far  below 
their  points  of  ebullition,  emit  vapour  by  the  tranquil  process  of 
evaporation.  The  amount  of  vapour  given  off  at  a  constant  tem- 
perature differs  greatly  in  different  liquids,  and  is  dependent  upon 
the  temperature  at  which  each  liquid  boils. 

The  great  difference  in  the  volatility  of  liquids  at  the  same 
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Fio.  189. 


Fig.  140. 


temperature  is  strikingly  shown  by  filling  a  number  of  barome- 
ter-tubes (fig.  139)  with  mercury,  and  inverting  them  in  a  bath 
of  the  same  metal.  One  of  these  tubes  (1)  may  be  kept  as  a 
standard  of  reference :  if  into  one  of  the  others  (2)  a  few  drops  of 
water  be  allowed  to  ascend,  an  im- 
mediate depression  of  the  column  of 
mercury  is  observed,  due  to  the  elas- 
ticity of  the  aqueous  vapour  fur- 
nished by  the  evaporation  of  the 
water,  u  into  a  third  tube  (3)  al- 
cohol bo  introduced,  a  greater  de- 
pression will  be  perceptible ;  bisul- 
phide of  carbon  in  a  fourth  tube  (4) 
will  produce  a  still  greater  depres- 
sion, and  if  ether  be  admitted  to  a 
fifth  (5),  the  height  of  the  mercurial 
column  will  be  still  less.  Now  let  a 
second  wider  tube  closed  below  by 
a  cork  be  placed  round  the  ex- 
terior of  any  one  of 
these  tubes,  so  as  to 
inclose  nearly  its 
whole  length,  as  in 

I  fig.  140 :  let  the  out- 

er case  thus  formed 
be  filled  with  water, 
the  temperature  of 
which  is  gradually 
raised  so  as  to  com- 
municate the  heat  uniformly  to  the  tube  within. 
A'  progressive  depression  of  the  mercurial 
column  is  thus  produced ;  and  by  measuring  the 
amount  of  this  depression,  it  is  found  that  the 
elasticity  of  the  vapour  emitted  from  each  liquid 
increases  as  the  temperature  rises,  until  at  the  boil- 
ing-point of  the  liquid  the  elasticity  becomes  equal 
to  that  of  the  air.  If  the  temperature  increase 
according  to  the  terms  of  an  arithmetic  ratio,  the 
elasticity  rises  according  to  the  terms  of  a  geo- 
metric progression,  the  ratio  of  which  differs  for 
each  liquid. 

The  following  table  comprises  some  of  the 
results  of  Regnault's  experiments  upon  the  ten- 
sion of  the  vapours  of  various  liquids  at  equal 
temperatures.  The  tension  of  the  vapour  is  meas- 
ured by  the  height  of  a  column  of  mercury  in 
,  inches  which  eacn  vapour  will  support  at  the  tem- 
peratures quoted : — 
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Tension  of  the  Vapours  <f  various  Liquids. 


Temp. 

Ether. 

Blralph. 
Carbon. 

Chloro- 
form. 

Alookol. 

Water. 

OB  of  Tur- 
pentine. 

Temp. 

-4 

2-726 

0181 

0*086 

-4 

14 

4*866 

8*110 

0-256 

0-082 

14 

82 

7-176 

6-008 

0-501 

0182 

0*082 

82 

60 

11-278 

7-846 

0-948 

0*861 

0*090 

50 

68 

17117 

11-740 

1-782 

0-686 

0*168 

68 

86 

26-078 

17110 

8-086 

1*245 

0*275 

86 

104 

86-971 

24-810 

14-880 

5*159 

2*168 

0460 

104 

122 

49-920 

88-57 

20-641 

8*678 

8*681 

0*675 

122 

140 

68121 

48-71 

29064 

18-776 

6*874 

1*058 

140 

158 

90*92 

60-98 

88-48 

21-228 

9-201 

1-628 

168 

176 

116-08 

79-94 

58*86 

82*00 

18998 

2-408 

178 

194 

158-60 

108-27 

7181 

46*86 

20740 

8*582 

194 

212 

198-72 

180-75 

92-70 

66*88 

80*00 

5*810 

212 

280 

246-02 

162-84 

118-91 

92-59 

42*45 

7*872 

280 

248 

201-58 

160-81 

126*26 

58*87 

10117 

248 

266 

246-47 

185-86 

170*51 

80*14 

18-660 

266 

284 

221*95 

107*27 

.18*199 

284 

802 

286*78 

141*86 

28-798 

802 

820 

188*61 

80*696 

.  820 

888 

28582 

8898 

888 

866 

297*87 

4841 

856 

874 

872-71 

59*62 

874 

892 

461-88 

78-45 

892 

(190)  DattorCs  Law  qf  Tension  of  Vapours. — It  was  assumed 
by  Dalton  that  the  tension  of  elasticity  of  all  vapours  was  equal, 
if  compared  at  temperatures  which  represented  differences  or  an 
equal  number  of  degrees  above  or  below  the  boiling-points  of  their 
respective  liquids,  the  elastic  force  of  the  vapour  increasing 
according  to  the  terms  of  a  geometric  progression  uniform  for  aU 
liquids,  as  the  temperature  rose  in  terms  of  an  arithmetic  pro- 
gression. This  l&w  is  not  strictly  in  accordance  with  the  results 
of  experiment.  However,  for  short  distances  above  and  below 
the  boiling-point  it  i*  very  nearly  true,  excepting  in  the  case  of 
mercury*  **a  may  be  employed  for  the  purpose  of  correcting  the 
observations  of  the  boiling-points  of  liquids  made  at  atmospheric 
pressures  which  are  but  little  above  or  below  the  standard  pres- 
sure of  to  inches.: 

The  following  table  exhibits  the  elasticity  of  the  vapours  of 
five  different  liquids  at  corresponding  distances  above  and  below 
their  boiling  point* ;~~ 
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Tension  of  Vapours  at  equal  distances  from  the  Boiling  Points 

of  the  Liquids. 


Bmhault. 

13 

EB. 

Um. 

Mabx. 

Atooadro. 

Number  of 
decreet  F. 

eSoTeor 
below 

boiling. 

Water. 

AlooboL 
Sp.  Or.  0-818. 

Ether. 

Sulphide  Carbon. 

Mercury. 

Temp. 

Preee. 

Temp. 

Preee. 

Temp. 

Preee. 

Temp. 

Preee, 

Temp. 

Preee. 

•F. 

Inebee. 

°F. 

Inohee. 

°F. 

Inohee. 

°F. 

inohee. 

°F. 

inohee. 

+  40 

262 

6814 

+  80 

242 

6290 

184 

50-9 

+  20 

282 

4406 

124 

42-64 

187 

42-19 

+  10 

222 

86-47 

188 

87O0 

114 

85-2 

127 

8660 

Boiling) 

Point    f 

—  10 

212 

80-00 

178 

80-00 

104 

80-00 

117 

29-87 

680 

80-00 

202 

24-50 

168 

24-20 

94 

24-70 

107 

24-91 

—  *> 

192 

19-87 

158 

19-80 

84 

20-00 

97 

2065 

—  80 

182 

16-00 

148 

15-05 

74 

16-10 

87 

17-00 

—  40 

172 

12-78 

188 

11-60 

64 

18*00 

77 

18-89 

—  50 

162 

10-12 

128 

8-75 

54 

10-80 

67 

11-27 

680 

19-85 

—  60 

162 

7-94 

118 

6-70 

44 

8-14 

57 

9-07 

—  70 

142 

618 

108 

4-90 

84 

6-20 

47 

724 

—  80 

182 

4-76 

98 

8-67 

87 

6-78 

—  90 

122 

8-68 

88 

2-78 

27 

4-49 

590 

14-08 

The  ether  used  in  these  experiments  oould  ita  hi. 

not  have  been  perfectly  pure*  as  its  boiling- 
point  is  too  hign.  The  boiling-point  of  mer- 
cury was  estimated  by  a  mercurial  thermo- 
meter without  correction  for  the  increasing  rate 
of  expansion  at  high  temperatures. 

The  increase  of  elasticity  produced  by  heat 
in  those  vapours  which  are  in  contact  with  the 
liquids  by  which  they  are  furnished,  indicates 
also  a  corresponding  increase  in  their  density ; 
the  one  may,  in  feet,  be  calculated  from  the 
other.  When  the  temperature  is  reduced,  the 
elasticity  falls,  and  a  portion  of  the  vapour  is 
condensed.  There  is,  indeed,  for  every  vapour 
a  maximum  density  for  each  temperature, 
which,  when  the  liquid  is  in  contact  with  the 
vapour,  is  speedily  attained,  but  which  cannot 
be  surpassed,  no  matter  how  much  the  pres- 
sure to  which  the  vapour  is  subjected  may  vary ; 
an  increase  of  pressure  immediately  condenses 
apart  of  the  liquid  that  had  evaporated,  and  a 
diminution  of  pressure  is  attended  with  imme- 
diate volatilization  of  a  fresh  portion  of  the 
liquid:  consequently  a  cubic  inch  of  vapour 
of  any  particular  liquid  at  any  given  tempera- 
ture, #is  always  of  the  same  elasticity,  and  pos- 
sesses the  same  weight.  If  a  small  quahtity  of 
ether  be  thrown  up  into  the  vacuum  of  the  ba- 
rometer-tube, represented  in  flg.  141,  the  length  of  the  column  of 
mercury,  a  h,  above  the  level  of  that  in  the  bath,  will  continue  to 
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be  nearly  the  same  whether  the  tube  be  raised  or  lowered  in  the 
outer  vessel ;  if  it  be  raised,  fresh  ether  will  evaporate,  if  de- 
pressed, part  of  the  vapour  will  be  condensed. 

(191)  Limit  of  Evaporation. — From  what  has  just  been  stated 
it  might  be  supposed  that  all  liquids,  at  even  the  lowest  tempera- 
tures, were  constantly  emitting  vapour.  That  mercury  does  so 
at  common  atmospheric  temperatures  may  be  shown  by  a  very 
simple  experiment.  Place  at  the  bottom  of  a  bottle  a  few  drops 
of  mercury,  and  suspend  in  the  neck  a  bit  of  gold  leaf;  in  a  few 
weeks  the  lower  portions  of  the  gold  will  become  white  from  the 
condensation  of  tne  vapour  of  mercury  upon  it.  In  the  tube  of  a 
well-made  barometer  tne  same  thing  is  shown  by  the  formation 
of  a  deir  of  metallic  globules  in  the  space  above  the  column  of 
metal.  Faraday  has,  nowever,  proved  that  there  is  a  tempera* 
ture  below  which  this  volatilization  ceases,  a  temperature  which 
varies  for  different  substances ;  for  mercury  the  limit  is  about  40° 
F. ;  for  sulphuric  acid  the  limit  is  much  higher,  since  the  acid 
undergoes  no  sensible  evaporation  at  ordinary  atmospheric  tem- 
peratures. The  cohesive  force  of  the  liquid  here  appears  to  over- 
come the  feeble  tendency  to  evaporation. 

It  is  not  necessary  for  the  evaporation  of  a  body  that  it  should 
be  in  the  liquid  form.  Solid  camphor  is  constantly  emitting 
vapour,  which  condenses  in  a  crystalline  form  on  the  sides  and 
upper  part  of  the  vessel  which  contains  it.  Ice,  if  introduced  into 
the  vacuum  of  a  barometer,  immediately  causes  a  depression  of 
the  mercurial  column  amounting  at  32°  to  upwards  of  18  hun- 
dredths of  an  inch,  and  even  at  zero  the  tension  of  the  vapour  of 
ice  is  found  to  amount  to  4  hundredths  of  an  inch.  It  is  owing 
to  this  evaporation  that  patches  of  snow  and  tufts  of  ice  are  ob- 
served gradually  to  disappear  even  during  the  continuance  of  a 
severe  frost. 

Regnault  found  in  his  experiments  that  no  appreciable  change 
in  the  curve  which  represents  the  elastic  force  of  a  vapour  is  pro- 
duced by  the  passage  of  a  body  from  the  solid  to  the  liquid  state ; 
that  is  to  say,  that  there  is  no  abrupt  diminution  in  the  amount 
of  vapour  emitted  from  a  body  when  it  becomes  solid. 

It  has  been  shown  that  if  the  temperature  of  one  of  the  tubes, 
shown  in  fig.  139,  which  contains  a  volatile  liquid,  be  uniformly 
raised  throughout  its  entire  length,  the  elasticity  of  the  vapour 
increases  rapidly  till  the  liquid  reaches  its  boiling-point,  xhe 
application  of  heat  to  one  portion  only  of  the  tube,  nowever,  is 
attended  with  a  very  different  result ;  the  liquid  may  even  be 
heated  to  ebullition,  and  it  will  distil  and  be  condensed,  but 
unless  the  whole  of  that  portion  of  the  tube  which  is  filled  with 
vapour  be  heated  to  the  same  degree,  no  corresponding  increase 
of  elasticity  will  be  observed ;  the  tension  can  never  exceed  that 
due  to  the  elasticity  of  the  vapour  which  would  be  emitted  if  the 
liquid  were  at  the  sami,  temperature  as  that  of  the  coolest  portion 
oi  the  tube  above  tt\e  liquid ;  because  the  excess  of  vapour  is  at 
once  condensed  as  soon  as  it  reaches  this  colder  part  of  the  space. 
The  ether,  for  example,  in  the  barometer-tube  5,  fig.  139,  may  be 
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made  to  boil  by  the  beat  of  the  hand,  but  the  height  of  the  col- 
umn of  mercury  undergoes  little  change ;  the  ether  vapour  being 
condensed  in  the  colder  portions  of  the  space  as  rapidly  as  it  is 
produced.* 

(192)  Oircwmstcmces  which  Influence  Evaporation, — In  the 
process  of  evaporation,  the  vapour  is  supplied  only  from  the 
superficial  layer  of  the  liquid.  It  is  therefore  evident  that  the 
extent  of  surface  exposed  must  greatly  influence  the  amount  and 
rapidity  of  evaporation,  independently  of  the  temperature.  Now 
if  the  evaporating  surface  be  in  any  way  protected,  as  by  allowing 
a  small  quantity  of  oil  to  become  diffused  over  it,  evaporation  is 
entirely  suspended.  Advantage  is  sometimes  taken  of  this  fact  in 
the  laboratory,  in  cases  where  it  is  necessary  to  maintain  a  gentle 
heat  for  many  hours ;  the  vessel  to  be  heated  is  supported  in  a 
larger  one  containing  water,  upon  the  top  of  which  a  little  oil  has 
been  poured ;  under  these  circumstances  the  danger  of  the  water- 
bath  becoming  dry  is  obviated,  and  the  temperature  required  is 
kept  rip  by  a  smaller  expenditure  of  fuel,  because  the  escape  of 
latent  heat  by  evaporation  is  prevented.  When,  on  the  contrary, 
a  rapid  evaporation  is  necessary,  a  large  extent  of  surface  is 
exposed.  In  the  salt  works  of  Cheshire,  for  instance,  the  brine  is 
evaporated  in  shallow  pahs,  4  or  5  feet  wide  and  40  or  50  feet  in 
length,  the  fire  being  lighted  at  one  end  and  the  flue  passing 
horizontally  underneath  to  the  other  extremity.  At  Salzburg,  in 
the  Ttyrol,  the  same  object  is  effected  by  pumping  the  weak  brine 
into  reservoirs,  whence  it  is  allowed  to  trickle  down  through 
stacks  of  brushwood,  by  which  means  the  surface  exposed  to 
evaporation  in  the  air  is  almost  indefinitely  increased,  in  the 
southern  parts  of  Europe  the  sea-water  is  admitted  into  extensive 
shallow  pans  excavated  on  the  sea  coast,  where  by  exposure  to  the 
sun's  rays  it  becomes  concentrated,  and  the  salt  crystallizes  out. 

Another -circumstance  which  influences  the  rate  of  evapora- 
tion is  the  amount  and  nature  of  the  pressure  upon  the  surface  of 
the  liquid.  Upon  this  subject  a  series  of  experiments  was  made 
bv  Daniell.  Under  a  receiver  connected  with  the  air-pump,  he 
placed  a  circular  dish  of  water,  2*7  inches  in  diameter,  and  sup- 
ported above  a  dish  containing  concentrated  sulphuric  acid, — the 
object  of  using  the  acid  being  to  absorb  the  aqueous  vapour  as 
fast  as  it  was  generated :  the  results  of  these  experiments  are 
given  in  the  following  table : — 

Rate  of  Evaporation  under  Different  Pressures, 


Pressure  In  Inches 
of  Mercury. 

Grains 
Evaporated. 

Pressure  In  Inches 
of  Mercury. 

Grains 
Evaporated. 

80* 

15*2 

7'6 

3-8 

1-24 
2*7 
5*68 
912 

1-9 
0-95 
0-47 
007 

15-92 

29-88 

50-74 

112-22 

*  In  the  Appendix  to  Part  JSL  will  be  found  a  Table  giving  the  tension  of  aqueoni 
tapotur  for  each  degree  F.  between  0°  and  100°. 
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The  time  in  each  experiment  was  30  minutes,  the  temperature 
45°  F.  It  is  obvious  that  the  rapidity  of  evaporation  under  these 
circumstances  was  inversely  as  the  pressure,  which  was  read  off 
upon  the  gauge. 

The  resistance  offered  by  the  pressure  of  a  gas  or  vapour  upon 
the  surface  of  a  liquid  is  purely  mechanical ;  and  it  follows  as  a 
consequence  of  the  law  of  the  diffusion  of  gases,  that  the  quantity 
of  vapour  which  rises  from  a  volatile  bodv  in  a  confined  space,  is 
the  same  whether  that  space  be  filled  witn  air  or  not.*  The  time 
that  is  occupied  before  tne  space  shall  have  received  its  full  com- 
plement of  any  given  vapour  varies  inversely  with  the  pressure ; 
and  with  different  vapours  under  similar  pressures,  the  time 
varies  with  the  diffusiveness  of  the  vaj>our.  The  vapour,  as  it 
rises,  adds  its  own  elastic  force  to  that  of  the  air  present.  When 
a  liquid  evaporates  .into  an  empty  space,  the  full  elasticity  due  to 
the  temperature,  and,  consequently,  the  maximum  density  of  the 
vapour,  is  acquired  at  once ;  but  when  it  evaporates  into  a  gas, 
that  degree  of  density  is  not  acquired  until  after  the  lapse  of  a 
variable  interval  of  time.  The  circumstance  which  in  both  cases 
finally  limits  the  evaporation  of  the  liquid,  is  the  pressure  of  its 
own  vapour  of  a  definite  degree  of  elasticity  upon  its  surface.  It 
is  therefore  clear  that  the  larger  the  proportion  of  moisture  that 
is  contained  in  the  air  at  any  given  time,  the  smaller  will  be  the 
quantity  of  aqueous  vapour  that  rises  from  an  exposed  surface  in 
a  given  time ;  and  that  in  proportion  as  the  space  is  more  Dearly 
charged  with  vapour,  the  more  slowly  is  each  succeeding  portion 
of  vapour  produced.  Evaporation,  in  short,  is  more  rapid  in  a 
dry  thkn  in  a  moist  atmosphere.  For  the  same  reason,  evapora- 
tion proceeds  more  rapidly  during  a  breeze  than  when  the  air  is 
still ;  for  the  air  which  rests  on  the  surface  of  a  liquid  soon  be- 
comes charged  to  the  maximum  with  vapour,  and  then  all  farther 
evaporation  would  cease  were  it  not  for  circulating  movements, 
which,  even  in  the  stillest  air:  are  occasioned  by  the  change  of 
density  due  to  the  accession  of  moisture :  the  currents  produced 
by  a  breeze  assist  these  movements,  ana  the  vapour  rises  into 
portions  of  air  which  are  being  continually  changed,  so  that  the 
pressure  of  the  aqueous  vapour  on  the  surface  of  the  liquid  is 
rapidly  removed. 

In  the  case  of  mixed  liquids,  Gay-Lussac  inferred  from  his 
experiments  that  the  tension  of  the  mixed  vapour  was  equal  to 
the  sum  of  the  tensions  of  the  two  vapours  taken  separately. 
This,  however,  is  true  only  for  liquids  which,  like  bisulphide  of 
carbon,  and  water,  or  like  benzol  and  water,  do  not  sensibly  dis- 
solve each  other ;  in  other  cases,  as  the  experiments  of  Begnault 
and  of  Magnus  have  shown,  the  tension  may  scarcely  exceed  that 
of  the  more  volatile  liquid ; — for  example,  in  the  case  of  a  mixture 

*  Begnault  finds  that  this  is  not  absolutely  true, — the  tension  of  aqueous  Tapour  hi 
air  being  slightly  less  than  in  vacuo,  but  the  difference  does  not  amount  to  more  than  3 
per  cent  at  its  maximum.  The  same  thing  was  found  to  hold  good  with  the  yapour  of 
ether,  the  tension  of  which,  whether  in  air,  in  hydrogen,  or  in  carbonic  acid,  was  always 
lower  than  it  was  at  the  same  temperature  in  vacuo. 
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of  ether  and  water,  the  tension  is  scarcely  higher  than  that  due  to 
ether  only.   If  the  two  liquids  be  soluble  in  each  other  in  all  pro 
portions,  as  water  and  alcohol,  the  tension  of  the  mixed  vapour  is 
generally  greater  than  that  or  the  less  volatile,  but  less  than  that 
of  the  more  volatile  liquid. 

Wiillner  (Pogg.  Annal.,  ex.  564)  has  shown  that  the  tension 
of  aqueous  vapour  emitted  from  a  saline  solution,  when  compared 
with  that  of  pure  water,  is  diminished  by  an  amount  proportional 
to  the  quantity  of  anhydrous  salt  dissolved,  when  the  salt  crystal- 
lizes in  the  anhydrous  form,  or  when  it  furnishes  efflorescent 
crystals.  In  cases  where  the  salt  is  deliquescent,  or  has  a  power- 
ful attraction  for  water,  the  reduction  of  tension  is  proportional 
to  the  quantity  of  the  crystallized  salt.  For  example,  sul- 
phates of  sodium,  nickel,  and  copper,  nitrate  of  calcium,  and  ordi- 
nary phosphate  of  sodium  (NaJSP^J  produce  a  diminution  of 
tension  proportioned  to  the  weight  of  the  anhydrous  salt,  whilst 
for  caustic  potash  and  soda,  and  for  chloride  of  calcium,  it  ispro- 
portional  to  the  hydrates  KH0,  2H,0;  2  NaHO,  3Ht<9; 
<7<x01„  3  H,0.  The  amount  by  which  the  tension  is  reduced  for 
equal  weights  of  the  compounds  compared,  varies  greatly  with 
their  nature.    Sulphate  of  nickel,  for  instance,  dissolved  in  the 

Sroportion  of  10  per  cent.  (JfiSOX  reduces  the  elastic  force  of 
le  vapour  at  212°  by  13,2nun,  wnilst  a  similar  propprtioQ  of 
hydrate  of  potaah  (KH0)  effects  a  reduction  of  85-6—. 

Evaporation  in  a  confined  space,  in  which  the  atmosphere  is 
kept  constantly  in  a  state  of  dryness,  is  often  resorted  to  in  the 
laboratory.  Crystallizations  on  a  small  scale  are  frequently 
effected  in  this  way ;  the  liquid  evaporates,  and  is  absorbed  by  a 
surface  of  sulphuric  acid,  as  in  the  experiment  of  Leslie  (185). 
The  evaporation  may  be  rendered  quicker  or  slower  jaccordin^  to 
the  extent  to  which  the  exhaustion  of  the  receiver  is  earned. 
Many  compounds  which  would  be  injured  by  exposure  to  air,  or 
to  a  moderate  rise  of  temperature,  may  be  dried  effectually  in 
this  manner. 

As  a  necessary  consequence  of  the  evaporation  which  is  con- 
tinually going  on  over  the  entire  surface  of  the  earth,  the  atmos- 
phere is  at  all  times  charged  with  moisture,  the  amount  of  which 
is  perpetually  varying,  but  it  is  almost  always  below  the  propor- 
tion which  experiment  gives  as  the  maximum  density  for  aqueous 
vapour  due  to  the  observed  temperature.  It  is  owing  to  the  cir- 
cumstance that  the  air  is  rarely  fully  charged  with  vapour,  that 
wet  bodies  become  dry,  and  that  the  surface  of  the  soil,  although 
saturated  with  moisture,  yet  in  a  few  hours  or  days  becomes 
parched  and  dusty.  By  the  process  of  evaporation  from  the 
surface  of  the  land  as  well  as  of  the  ocean,  a  natural  distillation 
is  thus  continually  effected,  by  which  a  perpetual  circulation  of 
water  is  maintained ;  the  waters  conveyed  by  the  rivers  into  the 
sea  return  imperceptibly  into  the  atmosphere.  The  vapour  thus 
raised  either  assumes  an  invisible  form,  or  it  floats  about  in 
masses  of  cloud ;  these  are  at  length  arrested,  particularly  by 
mountains  and  elevated  ridges  of  land,  and  becoming  condensed, 
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descend  as  showers,  and  supply  stores  of  water,  which  flow  down 
the  sides  of  the  hills,  and  collect  in  the  ravines,  or  else  are  ab- 
sorbed into  the  porous  strata.  The  waters  thus  absorbed  sink 
into  the  soil  until  they  meet  with  a  bed  of  clay  or  some  other 
stratum  impervious  to  moisture ;  by  this  they  are  arrested,  and 
flow  along  its  surface  till  they  burst  out  as  springs  in  the  valleys. 
These  springs  in  their  turn  furnish  constant  supplies  to  the  rivers, 
and  the  rivers,  after  irrigating  the  countries  through  which  they 
flow,  again  empty  themselves  into  the  ocean.  The  frequency  of 
rain,  and  various  other  meteorological  phenomena  of  the  highest 
interest  and  importance, — in  fact,  many  of  the  great  peculiarities 
of  climate,  are  mainly  influenced  by  tne  variations  in  the  quan- 
tity of  moisture  which  is  contained  in  the  atmosphere.  The 
knowledge  of  the  quantity  of  aqueous  vapour  which  exists  at  any 
given  time  in  a  certain  bulk  of  air,  becomes,  therefore,  a  problem 
which  is  constantly  requiring  solution  for  meteorological  pur- 
poses. Instruments  employed  for  this  purpose  are  termed  hy- 
grometers (from  vypbs,  moist,  and  fitrpovy  a  measure).  Various 
methods  have  been  proposed  for  determining  the  proportion  of 
moisture  in  the  air ;  the  simplest  and  the  most  accurate  of  these 
consists  in  the  determination  of  the  dpuypoint. 

(193)  Dew-Point. — It  is  evident  that  a  reduction  of  tempera- 
ture in  a  space  already  charged  to  the  maximum  with  vapour, 
must  produce  a  deposit  of  moisture  in  the  liquid  form.  Such  a 
result,  in  fact,  accords  with  daily  observation :  for  example,  when 
a  glass  of  cold  water  is  brought  into  a  warm  room,  its  surface 
becomes  bedewed  with  moisture.  This  observation  has  been  in- 
geniously turned  to  account  for  the  purpose  of  determining  the 
auantity  of  moisture  present  in  the  air  at  any  given  time.  If 
lie  cold  liquid  be  poured  from  one  vessel  to  another,  its  tempera- 
ture will  be  gradually  raised;  the  quantity  of  dew  which  is 
formed  on  the  outside  of  the  vessel  into  which  it  is  poured  will 
become  less  and  less,  until  it  ceases  to  be  formed  at  all.  By  no- 
ting with  a  sensitive  thermometer  the  exact  temperature  at  which 
this  formation  of  dew  ceases,  the  tension  of  the  aqueous  vapour 
present  in  the  air  at  that  period  can  be  readily  ascertained  from 
tables  constructed  for  that  purpose,  and  the  corresponding  propor- 
tion of  moisture  calculated.  If  the  temperature  of  the  air  at 
the  time  be  noted,  it  is  easy  to  determine  the  additional  propor- 
tion of  moisture  which  the  air  at  that  time  is  capable  of  taking 
up.  This  comparison  is  generally  made  by  calling  the  quantity 
of  invisible  vapour  which  it  is  possible  for  air  to  retain  at  the 
particular  temperature  at  the  time  of  observation  1000,  and  cal- 
culating from  the  observed  dew-point  the  proportion  which  the 
amount  actually  present  bears  to  that  which  might  exist  at  that 
temperature.  Suppose,  for  example,  when  the  air  is  at  60°  F., 
that  the  dew-pomt  be  as  low  as  50°  ;  that  is,  the  temperature  at 
which  dew  begins  to  be  formed  is  50.°  On  reference  to  the 
table,  it  appears  that  the  tension  of  vapour  at  60°  amounts  to 
0*518  inch  of  mercuiy,  while  at  50°  it  is  equal  to  only  0*861. 
Now  the  quantity  of  vapour  is  directly  proportioned  to  its  ten- 
sion ;  therefore  by  proportion : — 
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0-518 


0-361 


1000    :    a    (=696). 


Fio.  142. 


696  represents  the  degree  of  atmospheric  saturation  at  the  time 
of  observation. 

Practically,  however,  it  is  desirable  also  to  know  the  actual 
rate  of  evaporation  at  the  time  (or  the  number  of  grains  of  water 
which  evaporate  from  a  given  surface,  such  as  a  square  foot  of 
water  freely  exposed  to  the  air),  since  it  is  this  which  in  great 
measure  determines  the  drying  influence  of  the  atmosphere  upon 
the  human  body,  and  upon  the  substances  exposed  to  its  action. 

(194)  DamelPs  Hygrometer. — The  method  of  observing  the 
dew-point  above  mentioned,  although  it  affords  very  exact  results, 
is  tedious  in  practice.  To  facilitate  this  operation,  a  beautiful  in- 
strument was  contrived  by  Daniell,  and  termed  by  him  the  Dew- 
point  Hygrometer.  It  consists  essentially  of  a  small  cryophorus 
(fig.  142),  containing  ether  instead  of  water,  one  limb  of  which,  <?, 
is  longer  than  the  other,  and  ter- 
minates in  a  ball,  by  made  of  black 
Slass  for  the  purpose  of  rendering 
tie  moment  at  which  the  deposi- 
tion of  dew  occurs  more  readily 
observable.  In  the  long  limb  of 
the  instrument  is  placed  a  sensi- 
tive thermometer,  d,  the  bulb  of 
which  is  partially  immersed  in 
the  ether.  The  second  bulb,  a, 
is  covered  with  muslin.  In  con- 
structing the  apparatus,  the  ether 
is  boiled  to  expel  the  air,  and 
the  instrument  is  hermetically 
sealed  whilst  the  ether  is  still 
boiling.  When  the  hygrometer 
is  to  be  used,  all  the  ether  is 
driven  into  J,  by  inverting  the 
instrument  and  warming  the  bulb 
a  with  the  hand ;  the  instrument 
is  then  placed  in  the  clip  A,  on 
the  top  of  the  stand  g.  On 
allowing  tf  few  drops  of  ether  to  fall  on  the  muslin,  the  vapour 
within  the  ball  a  is  condensed  by  the  reduction  of  tempera- 
ture occasioned  by  the  rapid  evaporation  thus  produced  on  its 
outer  surface ;  fresh  vapour  rises  from  the  surface  of  the  ether  in 
the  blackened  ball,  from  the  diminished  elasticity  of  the  vapour 
above  it :  the  temperature  of  this  ether  and  of  the  ball  in  contact 
with  it  is  lowered,  and  deposition  of  dew  commences  on  the  sur- 
face of  the  black  ball,  in  tne  form  of  a  ring,  which  coincides  with 
the  level  of  the  ether.  The  moment  that  this  occurs,  the  temper- 
ature marked  by  the  included  thermometer,  d,  is  observed.  It  is, 
however,  possible,  if  the  reduction  of  temperature  has  been  rapid, 
that  the  loss  of  heat  may  not  be  perfectly  uniform  throughout  the 
ether  in  the  black  bulb,  in  consequence  of  which  the  temperature 
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indicated  by  the  thermometer,  d>  may  be  a  little  too  high ;  it  is 
therefore  well  to  observe  the  temperature  of  d  a  second  time,  at 
the  moment  when  the  ring  of  dew  disappears,  during  the  return 
of  the  instrument  towards  the  temperature  of  the  surrounding 
air.  This  observation  will  now  probably  be  slightly  too  low, 
but  the  mean  of  the  two  will  accurately  furnish  the  temperature 
of  the  dew-point.  The  temperature  of  the  atmosphere  at  the 
time  is  indicated  by  the  thermometer  k.  In  making  an  observa- 
tion, the  hygrometer  should  be  placed  at  an  open  window,  and  a 
small  cardboard  screen  should  be  interposed  between  the  two 
bulbs,  to  prevent  the  vapour  of  the  ether  from  extending  to  the 
atmosphere  around  the  blackened  bulb.  With  proper  care,  the 
instrument  will  yield  results  of  great  accuracy.  An  excellent 
hygrometer,  on  a  similar  principle,  but  of  less  portable  construc- 
tion, has  been  used  by  Begnault.  The  following  table  has  been 
calculated  from  a  mean  of  seventeen  years'  daily  observations  at 
the  gardens  of  the  Horticultural  Society,  Chiswick,  near  London, 
and  it  displays  very  strikingly  the  vast  amount  of  evaporation 
which  is  continually  occurring ;  and  at  the  same  time,  tne  great 
fluctuations  to  which  its  average  amount  is  liable  at  diflefcnt 
seasons: — 

Average  Hate  of  Evaporation  at  different  Seasons. 


Period. 

If  Mil 

Temp.  *  F. 

Keen 

Dew-Point 

•F. 

Mean 
Saturation. 

Poeaible  amount  of  Evaporation. 

One.  per 
square  ft. 
inlmin. 

lb.  per 

acre  in  1 

mto. 

Gallone 
per  acre  in 
S4  hours. 

Anpi?*1T-T---.---. 

4988 
62-21 
8*96 

4481 
64*66 
86*64 

037 

776s 

918 

8-00 

16-80 

8-84 

49-87 

104-60 

28*89 

7166 

16048 

8460 

Summer 

Winter 

The  full  amount  of  this  evaporation  only  takes  place  from  the 
surface  of  water,  and  then  only  during  a  breeze. 

(195)  WeLbuCb  Hygrometer. — Other  methods  have  been  pro- 
posed for  determining  the  quantity  of  moisture  present  in  the 
atmosphere.  Of  these  hygrometers,  one  only,  the  web-butt)  Hygro- 
meter %  need  be  noticed  here :  it  is  shown  at  fig.  143.  In  sim- 
plicity of  action  it  leaves  nothing  to  be  desired,  as  it  consists 
merely  of  two  similar  thermometers,  s,  s,  placed  side  by  side  on 
the  same  stand,  m  f ;  the  bulbs,  J,  J,  of  both  are  covered  with 
muslin,  and  one  of  them  is  kept  constantly  moist  by  means  of  the 
capillary  action  of  a  few  fibres  of  cotton,  e,  which  connect  it  with 
a  small  vessel,  a  c,  containing  water.  The  rate  of  evaporation, 
and  consequently  the  depression  of  temperature  of  the  moistened 
bulb,  will  be  greater  in  proportion  as  the  atmosphere  is  further 
from  its  point  of  saturation  ;  and  tables  have  been  given  for  de- 
termining the  degree  of  saturation  for  all  differences  of  tempera- 
ture within  the  ordinary  atmospheric  range.  The  elaborate  re- 
searches of  ftegnault  (Ann.  de  Chirrde,  Hi.  xv.  129)  have  shown 
that  the  indications  of  this  hygrometer  require  a  variety  of  cor- 
rections which  cannot  be  correctly  estimated.     The  formula 
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which  on  the  whole  corresponds  best  with  observation  is  that  of 
Apjohn :  f=f—  /w  x  TT.  In  this  formula  f  is  the  tension  of 
steam  at  the  dew-point,  /is  the  tension  of 
steam  at  the  observed  temperature  of  the 
air,  d  is  the  difference  in  temperature  of 
the  two  thermometers,  88  is  a  constant  co- 
efficient for  the  specific  heats  of  air  and 
steam,  p  is  the  observed  height  of  the  ba- 
rometer, 30  is  the  mean  height  of  the  ba- 
rometer. From  an  extensive  series  of  com- 
parisons made  at  the  Greenwich  Observa- 
tory, between  the  wet-bulb  hygrometer  and 
Daniell's  instrument,  Glaisher  concludes  that 
the  dew-point  may  be  ascertained  by  multi- 
plying the  difference  between  the  tempera- 
ture of  the  dry  and  the  wet  bulb,  by  a  num- 
ber depending  upon  the  temperature  of  the 
air  at  the  time  of  observation,  and  subtract- 
ing the  product  from  this  last-mentioned 
temperature. 

The  numbers  which  he  gives  are  con- 
tained in  the  following  table : — * 


Dry  Bulb. 
Temperature  •  F. 

Multiplier. 

Dry  Bulb. 
Temperature  •  P. 

Multiplier. 

below  24 

85 

85  to  40 

2*5 

24  to  25 

78 

40  to  45 

28 

25  to  26 

6*4 

45  to  50 

21 

26  to  27 

6-1 

50  to  55 

20 

27  to  28 

5-9 

55  to  60 

1-8 

28  to  29 

5-7 

60  to  65 

1-8 

29  to  80 

5-0 

65  to  70 

1-7 

80  to  81 

4*6 

70  to  75 

1-5 

81  to  82 

8*6 

75  to  80 

1*5 

82  to  88 

8-1 

80  to  85 

1-0 

88  to  84 

2-8 

84  to  85 

2-6 

Since  the  tension  of  aqueous  vapour  diminishes  according 
to  the  terms  of  a  geometric  progression,  whilst  the  temperature 
falls  in  arithmetic  progression,  the  elasticity  of  the  vapour  con- 
tained in  the  atmosphere  at  any  given  time  is  reduced  by  a  fall 
of  temperature  more  rapidly  than  in  direct  proportion  to  the  fall ; 
it  therefore  necessarily  happens,  that  if  a  current  of  heated  air, 
charged  to  the  maximum  with  aqueous  vapour,  meet  a  current 
of  cold  air  also  charged  to  its  maximum  with  vapour,  the  inter- 
mingled portions  of  air  at  the  mean  temperature  of  the  two  can 
only  retain  a  part  of  the  vapour  in  the  invisible  condition,  and  the 

*  When  the  dew-point  was  calculated  by  Apjohn's  formula  from  the  indications  of 
the  wet  bulb  thermometer,  the  extreme  differences  from  the  true  dew-point,  furnished 
by  Darnell's  instrument,  were  found  in  two  years  at  Greenwich  to  be  —  8°*9  between  65° 
and  70°,  and  +  8°*6  between  75°  and  80° ;  whilst  the  extreme  differences  by  Glaisher's 
factors  are  -8°-7  between  75°  and  80°,  and  +  5°6  between  75°  and  80°.— (DanielTs  Jf#- 
Uorology,  voL  ii.  p.  100.)    See  also  Noble,  Proceed.  Roy.  Soe.  viL  528. 
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formation  of  a  cloud  or  mist  is  the  consequence.  For  example,  sup* 
pose  two  equal  volumes  of  air,  one  at  60°  the  other  at  40°,  each 
saturated  with  vapour,  to  be  intermingled— the  temperature  of  the 
intermingled  air  would  be  50°.  Now  the  elastic  force  of  aqueous 
vapour  at  60°  is  0*518 ;  at  40°  it  is  0-247.'  The  mean  of  these  quan- 
tities is  0*382,  but  the  actual  elastic  force  of  vapour  at  50°  is  only 
0*361 ;  consequently  an  amount  of  vapour  represented  by  an 
elastic  force  of  0*382-0-361,  or  0*021,  will  be  precipitated  in  the 
form  of  a  cloud.  It  was  upon  this  principle  that  Hutton  ac- 
counted for  the  formation  of  rain ;  and  bo  far  as  it  goes,  the 
theory  is  satisfactory ;  there  are,  however,  other  important  causes 
concerned,  but  the  subject  cannot  be  appropriately  discussed  fur- 
ther in  this  work. 

(196)  Liquefaction  and  Solidification  of  Oases. — Vapours 
were  formerly  considered  to  be  essentially  afferent  in  their  na- 
ture from  gases ;  but  comparatively  recent  experiments,  particu- 
larly those  by  Faraday,  have  shown  that  the  difference  between 
gases  and  vapours  is  merely  one  of  degree.  Under  his  skilful 
manipulation,  numerous  gases  have  been  reduced  to  the  liquid 
state,  and  not  a  few  have  even  been  obtained  in  the  form  of 
solids.  Some  few  of  the  gases  have  still  resisted  the  best  devised 
attempts  to  liquefy  them  ;  but  it  can  hardly  be  doubted  that  all 
gases  may  be  regarded  as  the  vapours  of  liquids  of  an  extremely 
high  degree  of  volatility ;  the  liquids  resulting  from  the  conden- 
sation of  gases  boiling  at  temperatures  far  below  the  ordinary  at- 
mospheric ranee :  vapours,  on  the  contrary,  may  be  considered 
as  the  gases  of  liquids  of  comparatively  low  volatility. 

Some  of  the  gases  are  liquefiable  with  much  greater  facility 
than  others ;  for  instance,  a  mere  reduction  of  the  temperature  to 
0°  F..  suffices  to  reduce  sulphurous  anhydride  at  the  ordinary  at- 
mospheric pressure  to  the  liquid  form.  Many  gases,  if  generated 
in  strong  tubes,  under  the  pressure  of  their  own  particles,  lose 
their  elastic  form.  In  this  way  carbonic  acid,  cyanogen,  and 
several  others,  have  been  liquefied.  But  in  other  cases,  a  com- 
bination of  the  pressure  obtained  by  means  of  a  condensing 
syringe,  with  the  application  of  an  intense  degree  of  cold,  has 
been  requisite.  A  convenient  form  of  apparatus  for  this  purpose 
has  been  devised  by  Andrews,  who  has  succeeded  in  reducing  the 
non-condensible  gases  in  fine  glass  tubes,  by  pressure  alone,  to 
less  than  T  JT  of  the  volume  which  they  occupy  under  the  ordina- 
ry conditions  of  the  atmosphere,  and  in  exposing  them,  still  under 
tnis  pressure,  to  a  cold  of  from  —106°  to  —150°. 

Carbonic  acid  is  manufactured  in  large  quantities,  and  stored 
up  in  the  liquid  form,  in  strong  wrought-iron  vessels.  The 
apparatus  usea  for  this  purpose  was  devised  by  Thilorier.  A 
modification  of  it  is  represented  in  fig.  144.  It  consists  of  two 
very  strong  hollow  cylinders  of  wrought  iron,  one  of  which, 

a,  is  employed  as  a  retort  for  generating  the  gas;  the  other, 

b,  as  a  receiver,  in  which  it  is  accumulated.  The  generator, 
a,  is  charged  with  a  mixture  of  2f  lb.  of  acid  carbonate  of  so- 
dium (Na  iLC09)  and  6£  lb.  of  warm  water :  a  brass  tube,  o,  con- 
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taining  1£  lb.  of  oil  of  vitriol,  is  cautiously  introduced,  and  the 
head  of  the  apparatus,  furnished  with  a  stop-cock  of  peculiar  con- 
struction, is  screwed 

down  and  rendered  Fl0«  14*« 

tight  by  a  leaden 
washer.  The  gener- 
ator is  then  reversed, 
so  as  to  mix  the  ma- 
terials, which,  *by 
their  reaction,  liber- 
ate carbonic  acid; 
this  gas  accumulates 
in  the  upper  part  of 
the  vessel,  wnere  it 
is  liquefied  by  its 
own  pressure ;  a 
strong  tube,  b,  is 
screwed  on  laterally 
to  both  vessels  a  and 
b,  in  order  to  con-* 
nect  them  together. 
The  receiver,  b,  is 
kept  cool  by  being  immersed  in  melting  ice.  As  soon  as  the  stop- 
cocks are  opened,  the  liquefied  gas  distils  over ;  'the  stop-cocks  are 
then  closed,  the  vessels  a  and  b  are  separated,  and  a  fresh  charge 
is  introduced  into  the  generator.*  -The  same  operations  are  then 
repeated,  until  a  sufficient  quantity  of  the  liquefied  gas  has  been 
obtained.  Communicating  with  the  stop-cock  of  the  receiver,  is 
a  tube,  J,  which  passes  down  nearly  to  the  bottom  of  the  vessel, 
and  terminates  in  an  open  extremity,  so  that  as  soon  as  the  stop- 
cock is  opened,  a  jet  of  the  liquid  acid  is,  by  the  pressure  of  its 
own  vapour,  forced  up  the  vertical  tube,  J,  and  it  escapes  from 
the  vessel  through  a  fine  nozzle,  e,  which  is  screwed  to  the  stop- 
cock. The  issuing  liquid  immediately  begins  to  evaporate  with . 
great  rapidity ;  bv  this  means  so  large  a  quantity  of  latent  heat 
is  carried  off  in  tne  escaping  gas,  that  a  portion  of  the  liquid  is 
converted  into  the  solid  form.  If  the  jet  of  liquid  be  made  to 
play  into  a  cylindrical  box,  d,  furnished  with  lateral  apertures  for 
the  free  passage  of  the  gas,  the  solidified  acid  may  be  collected  in 
the  form  of  a  nocculent  deposit,  of  snowy  whiteness,  which  gradu- 
ally evaporates  in  the  air,  without  undergoing  previous  liquefac- 
tion. This  may  be  seen  by  placing  a  few  flakes  of  the  acid  in  a 
retort,  the  mouth  of  which  is  immersed  in  water :  the  gas,  as  it 
rises  in  bubbles,  can  thus  be  collected. 

If  means  be  taken  to  cut  off  the  supply  of  heat  from  external 
objects  by  placing  the  solidified  acid  in  a  glass  vessel,  covered 
externally  with  flannel,  enclosing  this  in  a  second  glass,  and  cov- 
ering the  whole  with  a  card,  and  thus  making,  in  feet,  an  extem- 
poraneous ice-pail,  the  solidified  acid  may  be  kept  in  open  air  for 

*  By  attaching  a  condensing  syringe  to  the  generator,  Mr.  Addams  is  enabled  to 
•ate  a  considerable  portion  of  the  condensed  gas  which  would  otherwise  be  lost 
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some  hours.  As  will  readily  be  supposed,  the  temperature  of  this 
solid  is  extremely  low.  According  to  the  experiments  of  Fara- 
day, it  is  as  much  as  106°  below  OF.  It  may,  notwithstanding, 
be  handled  with  impunity,  and  may  be  put  into  water,  without 
causing  the  water  to  freeze.  These  paradoxical  effects  are,  how- 
ever, easily  explained.  The  cold  acid  never  really  touches  either 
the  water  or  the  Bind,  because,  owing  to  the  rapidity  with  which 
it  evaporates,  it  is  constantly  surrounded  by  a  oadly  conducting 
atmosphere  of  its  own  vapour :  but  if  it  be  really  brought  into 
contact  with  any  solid  or  liquid,  which  may  be  done  by  moisten* 
ing  the  solid  acid  with  ether,  which  has  a  strong  adhesion  to  car- 
bonic acid,  its  low  temperature  is  at  once  manifested,*  and  this 
low  temperature  is  maintained  by  its  continual  evaporation, 
which  constantly  carries  off  a  large  quantity  of  heat  in  the  latent 
state.  By  placing  some  mercury  in  a  basin,  pouring  on  it  a  small 
quantity  or  ether,  and  adding  a  little  solidified  carbonic  acid,  the 
mercury  will,  in  a  few  seconds,  be  converted  into  a  malleable 
solid,  although  before  the  metal  will  freeze  it  is  necessary  that 
the  temperature  be  reduced  as  low  as  —39°.  If  the  frozen  mer- 
cury be  transferred  to  a  vessel  containing  a  small  quantity  of 
water,  the  metal  will  be  quickly  thawed,  but  apical©  of  ice  will 
be  formed,  showing  that  the  process  of  liquefaction  in  the  case  of 
mercury,  as  in  all  other  instances,  is  attended  with  a  disappear* 
ance  ofheat. 

By  accelerating  the  evaporation  of  the  bath  of  carbonic  acid 
and  ether,  Faraday  was  enabled  to  command  a  still  greater  reduc- 
tion of  temperature,  and  in  the  vacuum  of  the  air-pump  he  ob- 
tained by  this  means  a  degree  of  cold  which  he  estimated  at  —166°. 
In  such  a  cold  bath,  many  of  the  liquefied  gases  were  frozen,  and 
were  obtained  in  the  shape  of  solids,  clear  and  transparent  as  ioe. 
Among  the  number  which  assumed  this  form  was  carbonic  acid 
itself.  {Phil.  Trans.,  1845,  p.  155.)  Even  without  the  aid  of 
pressure,  but  simply  by  employing  a  bath  of  carbonic  acid  and 
ether  in  the  air,  the  following  gaseB— viz.,  chlorine,  cyanogen, 


f 


Fie.  146. 


ammonia,  sulphuretted  hydrogen,  asseniuretted  hydrogen, 
hydriodic  acid,  hydrobromic  acid,  and  carbonic  acid — were 
obtained  in  the  liquid  form,  and  were  sealed  up  in  tubes. 
The  tubes  used  were  of  green  bottle  glass,  bent  as  represent* 
a  ed  in  fig.  145 ;  to  these  tubes  brass  caps  and  stop-cocks 
T  were,  when  necessary,  securely  attached,  by  means  of  a 
I  resinous  cement.  The  cold  batn  was  applied  at  the  curva- 
^J  ture.  "When  pressure  was  requisite,  it  was  obtained  by 
the  employment  of  two  condensing  syringes;  the  first 
had  a  piston  of  an  inch  in  diameter,  the  second  one  of  only 
half  an  inch ;  these  syringes  were  connected  by  a  pipe,  so  that 
the  first  syringe  forced  the  gas  through  the  valves  of  the  second ; 
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and  the  second  syringe  was  then  used  to  compress  still  more 
highly  the  gas  which  had  already  been  condensed  by  the  action 
of  the  first,  with  a  power  varying  from  ten  to  twenty  atmoa* 


Natterer  obtained  a  still  more  intense  degree  of  cold  than  that 
produced  by  carbonic  acid  and  ether  in  vacua,  by  mixing  liquid 
nitrons  oxide  with  bisulphide  of  carbon,  and  placing  the&atn  in 
vacuo  ;  the  lowest  temperature  which  he  has  rcorded  is  — 220°  F. 
Fluoride  of  silicon,  at  this  point,  became  a  transparent  solid,  but 
liquid  chlorine  and  bisulphide  of  carbon  preserved  their  fluidity. 
(Lidng,sAn$t.]iY.2U.) 

(197)  Pressure  exerted  by  Condensed  Gases. — In  order  to  esti- 
mate the  degree  of  pressure  which  the  condensed  gas  exerted 
upon  the  interior  of  the  vessel  in  which  it  was  contained,  and  .to 
determine  the  force  requisite  to  overcome  the  repulsive  energy 
of  its  own  particles,  Faraday  made  use  of  small  air  gauges,  which 
he  enclosed  in  the  tubes  employed  for  the  condensation  (fig.  146), 
These  gauges  con- 
sisted of  a  some-  Fw.  146. 
what  conical  ca- 
pillary tube  of 
5 lass,  which  was 
ivided  into  parts 
of  equal  capaqtyy 
by  introducing*!*-*  • 
to  the  tube  a,  globule  of  mercury  shown  at  <*,  and  causing  it 
to  occupy  each  part  of  the  tube  in  succession ;  the  length 
of  the  little  cylinder  into  which  the  mercury  was  reduced  in  each 
portion  of  the'  tube  was  marked  upon  the  glass  with  black  vfcr- 
nish.  ISie  mercury  was  then  transferred  towards  the  widest 
extremity,  and  the  tube  was  sealed  at  its  narrow  end.  A  known 
volume  of  air  was  thus  included,  and,  by  the  compression  which 
this  air  experienced  in  the  course  of  the  experiment  (the  bulk 
being  inversely  as  the  pressure),  the  elastic  force  of  the  gas  under 
examination  was  easily  calculated.  It  is  remarkable  that  many 
of  these  condensed  liquids  expand  upon  the  application  of  heat 
more  rapidly  than  the  gases  themselves.  It  has  been  also  found 
that  Marriotte's  law  (27),  according  to  which  the  elasticity  of  a  gas 
increases  directly  as  the  pressure,  although  correct  for  pressures 
at  considerable  dtetances  above  the  point  of  condensation,  does 
not  hold  good  as  tjtfe  term  is  approached ;  probably,  as  suggested 
by  BerzeBus,  because  the  distance  to  which  the  particles  are  sep- 
arated is  not  sufficient  entirely  to  overcome  the  cohesive  force, 
which  increases  in  power  the  more  nearly  the  point  of  condensa- 
tion is  reached  (see  note*,  pages  37  and  191).* 

*  The  temperature!  recorded  in  these  experiments  are  in  all  probability  somewhat 
too  high.  They  were  estimated  by  means  of  a  spirit  thermometer,  subdivided  Into 
degrees  below  82*  F.,  '  equal  in  capacity  to  those  between  82°  and  212°; '  but  the  con- 
traction of  aloohol  is  more  rapid  at  low  than  at  high  temperatures :  at  the  lowest  tern* 
neratures  attained,  the  alcohol  became  somewhat  viscid. 

f  The  experiments  of  Fairbairn  and  Tate  on  the  elasticity  of  superheated  steam 
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Although  indications  of  this  departure  from  Marriotte's  law 
have  been  observed  at  common  temperatures,  with  some  of  the 
more  condensible  gases,  such  as  sulphurous  anhydride,  sulphu- 
retted hydrogen,  cyanogen,  and  ammonia,  it  was  most  distinctly 
exhibited  in  the  experiments  of  Cagniard  de  Latour  {Ann.  de 
Ohimiej  II.  xxi.  and  xxii).  De  Latour  partially  filled  some  strong 
glass  tubes  with  water,  with  alcohol,  with  ether,  and  with  some 
other  liquids,  furnished  them  with  gauges,  and  sealed /them  her- 
metically. He  then  cautiously  raised  the  temperature.  The 
alcohol  (sp.  gr.  0*844),  which  occupied  §  the  capacity  of  the  tube, 
gradually  expanded  to  double  its  volume,  and  then  suddenly  dis- 
appeared in  vapour,  at  a  temperature  of  497°*7  F., ;  it  then  ex- 
erted a  pressure  of  about  119  atmospheres.  Ether  became  g*as- 
eojis  at  392°,  in  a  space  equal  to  double  its  original  bulk,  exerting 
a  pressure  of  37*5  atmospheres ;  whereas,  if  Marriotte's  law  held 
good  in  these  cases,  calculating  from  the  volume  of  vapour  which 
a  certain  bulk  of  each  liquid  yields  under  the  atmospheric  pres- 
sure, ether  should  have  exerted  a  force  equal  to  about  157  atmos- 
pheres, and  alcohol  of  at  least  318.  Water  was  found  to  become 
gaseous  in  a  space  equal  to  about  four  times  its  original  bulk,  at 
a  temperature  of  about  773°  (that  of  melting;  zinc).  So  great  was 
the  solvent  power  of  water  on  glass,  at  this  high  temperature, 
that  the  addition  of  a  little  carbonate  of  sodium  was  necessary  to 
diminish  the  action  on  the  glass,  which  frequently  gave  way  until 
this  expedient  was  adopted!  As  the  vapours  cooled,  a  point  was 
observed  at  which  a  sort  of  cloud  filled  the  tube ;  and,  in  a  few 
moments  after,  the  liquid  suddenly  reappeared. 

It  will  be  seen  from  the  subjoined  table,  that  even  after  the 
liquid  has  wholly  disappeared,  the  increase  in  the  elastic  force  of 
the  vapour,  as  the  temperature  rises,  is  as  rapid  as  before  it  had 
all  volatilized,  and  indeed  it  continues  to  increase  in  a  proportion 
fan  greater  than  that  which  would  be  produced  in  air  by  an  equal 
elevation  of  temperature.  Atmospheric  air,  under  a  pressure  of 
87*5  atmospheres  at  370°  F.,  would,  at  482°,  exert  a  force  of  42-4 
and  at  617  of  48*6  atmospheres,  whereas  the  corresponding  pres- 
sures with  ether  were  86*8  and  130*9  atmospheres.  In  the  case 
of  the  two  experiments  with  ether,  the  increase  in  elasticity  is 
greatest  at  first  in  the  tube  which  contains  the  smallest  propor- 
tion of  liquid  ;  probably  because  the  influence  of  cohesive  at- 
traction is  more  completely  overcome  in  the  tube  which  admits 
of  the  greatest  distance  tletween  the  particles  of  the  vapour, 
though  at  higher  temperatures  the  elasticity  increases  less  rapidly 
in  this  tube  than  in  tue  other : — 


(Phil  TVowM.,  i860)  show  that  this  diminution  of  elasticity  near  tne  point  of  condensa- 
tion is  very  appreciable  in  the  case  of  aqueous  yapour. 
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Cagniard  de  Latowfs  Experimerits.  • 


Bisulphide  of 

Temperature. 

Ether. 

carbon. 

Volume,  as  liquid 
7  parts, 

Volume,  as  liquid 
8*  parts, 

Volume,  as  liquid 
8  parts, 

as  vapour  80  parte. 

as  vapour  80  parts. 

as  vapour  80  parts. 

Pressure  in 

Pressure  in 

Pressure  la 

atmospheres. 

atmospheres. 

atmospheres. 

212 

5*6 

4*2 

284*5 

7*9 

5*5 

257 

10-6 

14*0 

7*9 

279-5 

12*9 

17*5 

10*0 

802 

18*0 

22*5 

18*0 

824-5 

22*2 

28*5 

16*5 

847 

•  28*8 

85*0 

20*2 

869*5 

87-5* 

42*0* 

24*2 

892 

48*5 

50*5 

28*8 

414-5 

59-7 

58*0 

886 

487 

68*8 

68*5 

40*2 

459*5 

78-0 

66*0 

47*5 

482 

86*8 

70*5 

57*2 

604*5 

92*8 

74 

66*5* 

527 

104*1 

78 

77*8 

549*5 

112*7 

81 

892 

572 

119*4 

85 

98*9 

594*5 

128*7 

89 

114*8 

617 

180*9 

94 

129*6 

628*2 

185*5 

Space  must  always  be  allowed  for  the  full  expansion  of  the 
liquid,  otherwise  the  strongest  vessels  will  give  way. 

Andrews  has  recently  observed,  that  on  partially  liquefying 
carbonic  acid  by  pressure  alone,  in  his  apparatus,  and  gradually 
raising  at  the  same  time  the  temperature  to  88°,  the  surface  of 
demarcation  between  the  liquid  and  gas  became  fainter,  lost  its 
curvature,  and  at  last  disappeared.  The  space  was  then  occupied 
by  a  homogeneous  fluid,  which  exhibited,  when  the  pressure  was 
suddenly  diminished  or  the  temperature  slightly  lowered,  a  pe- 
culiar appearance  of  moving  or  flickering  sti-ira  throughout  its 
entire  mass.  At  temperatures  above  88°,  no  apparent  liquefac- 
tion of  carbonic  acid  or  separation  into  two  distinct  forms  of  mat- 
ter could  be  effected,  even  when  a  pressure  of  300  or  400  atmos- 
pheres was  applied.    Nitrous  oxide  gave  analogous  results. f 

From  the  foregoing  experiments,  it  is  obvious  that  there 
exists  for  every  liquid  a  temperature  at  which  no  amount  of  pres- 
sure is  sufficient  to  retain  it  in  the  liquid  form.  It  is  not  surpris- 
ing, therefore,  that  mere  pressure,  however  intense,  should  fail  to 
liquefy  many  of  the  bodies  which  usually  exist  in  the  form  of 
gases. 

The  following  table  embodies  the  results  obtained  by  Faraday 
on  the  condensation  and  solidification  of  the  gases.  The  solids 
were  usually  heavier  than  the  liquid  portions  from  which  they 
separated : — 

*  AX  thl*  point  the  liquid  had  entirely  disappeared  as  vapour. 

f  Information  by  letter  from  Dr.  Andrews. 
19 
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Condensation  and  Solidification  of  Gases. 

Names  of  the  Oases. 

MeirgPt 

Pressure  in  Atmospheres. 

atO8  F. 

it88»F. 

at60*F. 

•P. 

Sulphurous  Anhydride  ....T..... 

—  106 

—  80 

—  60 

—  108 

—  122 

—  160 

—  70 

—  76 

—  124 

—  220 

072 

1-26 

29 

2-48 

6-7 

19-8 

22-8 

6*21 
27-2 
16-0 

1-68 
287 
8-97 
4-4 
10-0 
82-0 
88-5 

896 
26*20 

2*64 

6-86 
6-90 

18*19 

616  at    100° 
4*00  at     68° 

10-00  at     88° 
14-60  at     62° 
88-40  at     86° 

26-90  at       0* 
11-64  at —62° 
4000  at      60° 

CVaT)0£r6ll."1.rT»r,..,-T,.tTt-*...r» 

Hydriodic  Acid..... 

A  romoniftT.",t -,.....,. .t»tt  ...... 

Sulphuretted  Hydrogen.. ...-.-. - 

Nitrous  Oxide 

Carbonic  Acid...... 

Euchlorine. 

Hydrobromic  Acid. ...... ......... 

Fluoride  of  Silicon.... 

(  Chlorine. 

Aneniurettcd  Hydrogen...* 

Fhoephuretted  Hydrogen. 

defiant  Gas 

Fluoride  of  Boron. • 

Hydrochloric  Acid. 

The  diagram  which  follows  (fig.  147)  shows  the  curves  indi- 
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eating  the  increase  of  pressure  with  the  temperature,  from  Fara- 
day's tables.  In  this  diagram,  the  vertical  lines  represent  the 
degrees  of  temperature  on  Fahrenheit's  scale ;  the  horizontal  lines 
show  the  pressure  in  atmospheres  exerted  by  the  condensed  gas. 
The  numbers  attached  to  each  curve  correspond  to  the  gases  in 
the  undermentioned  order : — 


1.  Fluoride  of  Boron. 

2.  Carbonic  Add. 

8.  Hydrochloric  Acid. 

4.  Sulphuretted  Hydrogen. 

5.  Aneniuretted  Hydrogen. 


11.  OlefiantGas. 


6.  Hydriodic  Add. 

7.  Ammonia. 

8.  Cyanogen. 

9.  Sulphurous  Anhydride. 
10.  Nitrous  Oxide. 


Faraday  remarks,  that  as  far  as  his  observations  go, '  it  would 

Spear  that  the  more  volatile  the  bodv  is,  the  more  rapid  does 
e  force  of  its  vapour  increase  by  furtner  addition  of  heat,  com- 
mencing at  a  given  point  of  pressure ;  for  all  these,  for  an  increase 
of  pressure  from  two  to  six  atmospheres,  the  following  number 
of  degrees  require  to  be  added  for  the  different  bodies  named : — 
Water,  69°  F. ;  sulphurous  acid,  63° ;  cyanogen,  64°#5 ;  ammo- 
nia, 60° ;  arseniuretted  hydrogen,  54° ;  sulphuretted  hydrogen, 
560,5 ;  muriatic  acid,  43° ;  carbonic  acid,  32° -5 ;  nitrous  oxide,  30V 

The  pressures  indicated  by  the  curves  in  fig.  147.  after  all,  are 
probably  only  approximations.  The  experiments  qt  Cagniard  de 
Latour  show  that  under  these  enormous  pressures,  the  bulk  which 
the  liquid  bears  to  the  space  in  which  it  is  confined  has  a  material 
influence  upon  the  pressure  which  its  vapour  exerts  when  the  re- 
sults of  different  experiments  with  the  same  liquid  are  compared 
at  the  same  temperatures,  and  before  the  liquid  has  wholly 
assumed  the  state  of  vapour ;  this  will  be  seen  by  comparing  the 
two  columns  showing  the  elasticity  of  ether  at  temperatures 
below  369°  in  two  different  experiments  (page  289).  It  is  not 
unlikely  that  the  extraordinary  discrepancies  in  the  estimates  of 
the  elasticity  of  liquefied  carbonic  acia  given  by  Faraday,  Thilo- 
rier,  and  Addams,  are  due  to  this  course.  Similar  differences,  to  a 
less  extent,  have  been  observed  in  the  case  of  sulphurous  anhy- 
dride, and  cyanogen,  and  some  other  gases. 

Faraday  states,  as  the  results  of  his  experiments,  that  ammo- 
nia and  sulphuretted  hydrogen,  when  solidified,  eacn  furnished  a 
white  translucent  mass,  like  fused  nitrate  of  ammonia :  euchlorine 
gave  a  transparent  orange-coloured  crystalline  solid.  The  other 
liquefied  gases  which  were  susceptible  of  solidification  furnished 
colourless  transparent  crystalline  masses  like  ice.  Phosphuretted 
hydrogen,  nitrous  oxide,  and  olefiant  gas,  appeared  each  to  con- 
sist of  a  mixture  of  two  gases,  one  considerably  more  condensible 
than  the  other. 

Six  gases — vis.,  oxygen,  hydrogen,  nitrogen,  nitric  oxide,  car- 
bonic oxide,  aud  marsh  gas — have  resisted  all  attempts  to  liquefy 
them.  Faraday  found  that  oxygen  remained  gaseous  under  a 
pressure  of  27  atmospheres,  at  a  temperature  of  —166° ;  and  a 
pressure  of  58-5  atmospheres  at  —140°  was  equally  ineffectual 
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in  producing  its  liquefaction.  Nitrogen  and  nitric  oxide  resisted 
a  pressure  of  50  atmospheres ;  with  carbonic  oxide,  a  pressure 
equivalent  to  that  of  40  atmospheres,  with  coal  gas,  one  of  32, — 
and  with  hydrogen  one  of  27  atmospheres,  was  applied  without 
effecting  the  liquefaction :  in  all  these  experiments  the  tempera- 
ture was  maintained  at  —166°.  Andrews  has  succeeded  in  ap- 
plying to  these  gases  still  stronger  pressures  than  any  recorded 
by  Faraday,  without  producing  liquefaction,  although  a  bath  of 
ether  and  carbonic  acid  was  employed ;  air  was  reduced  to  T47 
of  its  bulk,  oxygen  to  *  JT,  hydrogen  to  TJT,  carbonic  oxide  to 
y^T,  and  nitric  oxide  to  T\*  of  its  original  volume.  Hydrogen 
and  carbonic  oxide  departed  less  from  Marriotte's  law  than  oxy- 
gen and  nitric  oxide. 

(198)  Spheroidal  State  produced  by  Seat. — Much  attention 
has  of  late  years  been  excited  by  a  phenomenon  first  described  by 
Leidenfrost,  and  which  has  been  made  the  subject  of  careful 
investigation  by  Boutigny.  The  following  experiments  will  illus- 
trate its  character.  If  a  good  conductor,  such  as  a  sheet  of  metal, 
be  heated  to  between  300°  and  400°,  and  water  be  allowed  to  fall 
upon  its  surface,  the  liquid  does  not  enter  into  ebullition ;  but 
instead  of  wetting  the  surface  as  usual,  it  rolls  about  in  spheroidal 
masses  in  the  manner  shown  at  fig.  148 ;  the  temperature  of  such 
a  spheroid  never  rises  to  tne  boiling-point 
Fiq*H8%  of  the  liquid.    If  the  source  of  heat  be  re- 

moved, the  temperature  will  fall,  until  a 
point  is  at  length  reached  when  the  liquid 
suddenly  begins  to  boil  vehemently,  and  is 
dispersed  in  all  directions  with  a  loud  hiss- 
ing noise. 

This  phenomenon  is  a  complicated  re- 
sult of  at  least  four  distinct  causes.  Of 
these  the  most  influential  is  the  repulsive  force  which  heat 
exerts  between  objects  which  are  closely  approximated  to 
each  other.  A  low  manifestation  of  this  action  has  been 
already  noticed  when  speaking  of  the  effect  of  a  rise  of  tempera- 
ture in  producing  a  decrease  of  capillary  attraction  (51).  When 
the  temperature  reaches  a  certain  point,  actual  repulsion  between 
the  particles  ensues.  Besides  this  repulsive  action  occasioned  by 
heat,  the  other  causes  which  may  be  mentioned,  as  tending  to 
produce  the  assumption  of  the  spheroidal  condition  bv  the  liquid, 
are  these :— 1.  The  temperature  of  the  plate  is  so  high  that  it  im- 
mediately converts  any  liquid  that  touches  it  into  vapour,  upon 
which  the  spheroid  rests  as  on  a  cushion.  2.  This  vapour  is  a  bad 
conductor  of  heat,  and  prevents  the  rapid  conduction  of  heat  from 
the  metal  to  the  globule.  3.  The  evaporation  from  the  entire 
surface  of  the  liquid  carries  off  the  heat  as  it  arrives,  and  assists 
in  keeping  the  temperature  below  the  point  of  ebullition.  The 
drop  assumes  the  spheroidal  form  as  a  necessary  consequence  of  the 
action  of  cohesion  among  the  particles  of  the  liquid,  and  the 
simultaneous  action  of  gravity  on  the  mass. 

Boutigny  finds  that  even  if  the  liquid  be  boiling,  its  tempera- 
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tore  sinks  from  5°  to  7°  below  the  boiling-point  at  the  moment 
that  it  falls  on  the  heated  surface,  and  takes  the  spheroidal  form. 

All  liquids  are  capable  of  assuming  this  condition ;  but  the 
temperature  to  which  it  is  necessary  to  heat  the  conducting  sur- 
face varies  with  each  liquid ;  the  lower  the  boiling-point  of  the 
liquid,  the  lower  also  is  the  required  temperature.  The  exact 
degree  is  dependent  partly  upon  the  conducting  power  of  the 
plate,  and  partly  upon  the  latent  heat  of  the  vapour ;  the  temper- 
ature of  the  plate  approaches  the  boiling-point  of  the  liquid  more 
closely  as  the  latent  heat  is  less.  In  the  case  of  the  undermen- 
tioned liquids  the  lowest  temperature  required  in  the  plate  was 
found  to  be  for  water,  340°  ;  for  alcohol,  278°  ;  for  ether,  142Q. 

Boutigny  considered  the  temperature  of  each  liquid,  when  in 
the  spheroidal  state,  to  be  as  definite  as  that  of  its  boiling-point ; 
and  he  gives  205°*7  as  the  temperature  of  the  spheroid  of  water ; 
167°-9  for  that  of  alcohol ;  93°-6  for  that  of  ether ;  and  13°-1  for 
that  of  sulphurous  anhydride.  Boutan  has,  however,  shown  that 
these  temperatures  are  liable  to  slight  variations. 

Even  vn,  vacuo  the  spheroidal  state  is  observed  to  occur  when 
the  liquid  is  allowed  to  fall  upon  a  plate  sufficiently  heated.  Sol- 
ids in  liquefying  in  hot  capsules  pass  into  this  same  state,  as  is 
well  exemplified  by  throwing  a  few  crystals  of  iodine  upon  the 
heated  surface.  Provided  that  the  hot  surface  be  a  sufficiently 
good  conductor  of  heat,  the  nature  of  the  material  is  unimport- 
ant. Silver,  platinum,  copper,  and  iron,  may  all  be  successfully 
used.  TomLinson  has  shown  that  even  one  liquid  may  be  thrown 
into  the  spheroidal  form  on  the  surface  of  another,  as  water,  alco- 
hol, or  ether,  on  the  surface  of  hot  oil,  j  but  this  experiment 
requires  care,  otherwise  the  water  sinks  m  the  oil,  evaporation 
from  the  surface  of  the  drop  is  prevented,  steam  is  generated  with 
explosive  violence,  and  the  hot  oil  is  scattered  about  in  all  direc- 
tions. 

If  the  hot  metal  be  sufficiently  massive,  a  large  body  of  water 
may  be  converted  into  the  spheroidal  state.    Boutigny  has  sug- 

fested  that  in  certain  cases  the  explosion  of  steam-boilers  may 
ave  been  due  to  this  cause.    It  is  indeed  quite  possible,  although 
such  an  occurrence  must  be  rare,  that  the  water  may  be  all  ex- 

S ended  in  a  boiler  beneath  which  a  brisk  fire  is  maintained,  so 
lat  the  masg  of  metal  may  become  intensely  heated.  On  the 
admission  of  cold  water,  under  such  circumstances,  it  would  at 
first  assume  the  spheroidal  state,  and  as  the  boiler  gradually 
cooled  down,  by  the  introduction  of  more  water,  a  suaden  and 
uncontrollable  burst  of  vapour  would  ensue.  The  safety-valve  in 
such  a  case  would  be  inadequate  to  allow  the  needful  escape  for  the 
immense  volume  of  steam  which  would  be  instantaneously  gen- 
erated, and  an  explosion  would  probably  occur. 

By  tracing  the  effects  above  detailed  to  their  extreme  conse- 

Juences,  some  singular  and  paradoxical  effects  have  been  pro- 
uced.  For  example,  liquid  sulphurous  anhydride  becomes 
spheroidal  in  a  red-hot  capsule  at  a  temperature  of  about  14°, 
that  is,  18°  below  the  freezing-point  of  water.    If  a  little  water 
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be  dropped  into  this  spheroid,  the  temperature  of  the  water  is 
instantly  reduced  below  its  freezing-point,  and  a  mass  of  ice  is 
formed  within  the  glowing  crucible.  If  a  bath  of  solid  carbonic 
acid  and  ether  be  substituted  for  the  sulphurous  anhydride  in  the 
red-hot  capsule,  mercury  placed  within  it  in  the  bowl  of  a  small 
spoon  may  be  frozen  with  equal  certainty.  But  perhaps  the  most 
marvellous  result  is  the  impunity  with  which  the  moistened  hand 
may  be  plunged  for  an  instant  into  molten  lead,  or  even  into  cast 
iron  as  it  issues  from  the  furnace.  In  these  cases  the  adhering 
moisture  is  converted  into  vapour,  which  forms  an  envelopd  to 
the  skin,  sufficiently  non-conducting  to  prevent  the  passage  of 
any  injurious  quantity  of  heat  during  the  brief  immersion.  An 
ingenious  application  of  this  principle  has  long  been  employed  in 
the  glass-house.  In  first  rudely  shaping  the  large  masses  of  glass 
which  are  to  be  blown  into  shades,  and  into  cylinders  which  are 
afterwards  flattened  into  the  heavy  sheets  technically  termed 
British  plate,  open  hemispherical  wooden  moulds  are  used  to  give 
the  globular  form;  in  order  to  prevent  the  wood  from  being 
burned,  the  workman  pours  a  little  water  into  the  mould ;  it  pro- 
tects the  wood,  but  assumes  the  spheroidal  form,  and  neither 
touches  nor  injuriously  cools  the  molten  glass. 

§  IY.  Atomic  Kelations  of  Heat  op  Combination* 

(199)  The  quantity  of  Heat  developed  hy  Chemical  Action  is 
definite. — The  last  subject  to  which  we  shall  here  advert  in  con- 
nexion with  heat,  is  to  the  chemist,  perhaps  the  most  directly 
.interesting  of  any,  on  account  of  its  direct  quantitative  relations 
to  chemical  action.  Experiment  has  proved  that  the  amount  of 
heat  which  each  element  emits  when  entering  into  combination 
is  definite,  and  has  a  specific  relation  to  the  combining  number 
of  each  substance.  "Wnen  the  same  substance  is  burned  with  a 
due  supply  of  oxygen,  and  with  suitable  precautions,  a  given 
weight  of  it  always  emits  the  same  amount  of  heat.  Thus  1  lb. 
of  hydrogen,  when  burned  in  oxygen,  always  emits  heat  enough 
to  melt  315*2  lb.  of  ice ;  31  lb.  of  phosphorus,  when  burnt  to 
phosphoric  acid,  yields  heat  sufficient  to  melt  1576  lb.  of  ice ;  and 
12  lb.  of  carbon,  when  converted  into  carbonic  acid  emits  heat 
sufficient  to  melt  TOO  lb.  of*  ice.  It  would  at  first  sight  appear 
easy  to  determine  by  direct  experiment  the  amount  of  neat  wnich 
each  body  emits  in  the  ajct  of  combining  with  an  equivalent  of 
oxygen,  and  to  compare  the  results  thus  obtained,  with  a  corre- 
sponding series  of  experiments  made  by  combining  the  same 
elements  with  chlorine,  with  bromine,  and  other  elements.  In 
reality,  however,  it  is  not  so ;  for,  independently  of  the  difficulties 
which  the  exact  admeasurement  of  heat  always  involves,  there 
are  others  which  will  be  rendered  evident  by  considerations  such 
as  the  following. 

Scarcely  any  molecular  change  can  take  place  without  either 

*  It  will  be  convenient  to  consider  this  subject  at  this  point,  although  in  former  edi- 
tions of  this  work  it  has  been  deferred  to  the  end  of  the  third  Yolume. 
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evolution  or  absorption  of  heat.  When  a  gas  or  a  vapour  be- 
comes liquefied  or  solidified,  the  change  of  state  is  always  attended 
by  the  evolution  of  the  heat  which  it  previously  contained  in  a 
latent  state  (177),  and  the  effect  is  reversed  when  a  solid  passes 
into  the  liquid  or  the  aeriform  condition,  heat  being  then  absorbed 
(174, 178).  Now,  the  instances  in  which  chemical  combination 
takes  place  without  any  alteration  in  the  physical  condition  of 
bodies  are  rare,  and  the  cases  in  which  the  product  occupies 
exactly  the  same  bulk  as  the  bodies  from  which  it  was  formed. 
are  still  more  so.  When  two  gaseous  elements,  like  chlorine  and 
hydrogen,  unite  and  form  a  compound  which  is  not  only  gaseous, 
but  which  occupies  the  same  bulk  as  the  bodies  did  before  their 
combination,  the  problem  is  presented  in  the  simplest  form :  the 
heat  observed  in  such  a  case  is  due  solely  to  the  cnemical  action ; 
but  when  the  products,  though  gaseous,  occupy  a  smaller  bulk 
after  they  have  entered  into  combination, — as  wnen  two  volumes 
of  carbonic  oxide  unite  with  1  volume  of  oxygen,  and  form  but  2 
volumes  of  carbonic  acid, — the  heat  emitted  during  the  act  of 
combination  is  due  partly  to  chemical  action,  and  partly  also  to 
the  condensation  which  the  gases  have  experienced.  When  the 
product  assumes  the  liquid  form,  as  occurs  in  the  formation  of 
water  during  the  combustion  of  hydrogen  in  oxygen,  the  quantity 
of  heat  emitted  owing  to  this  change  m  form  is  still  more  consid- 
erable. When,  on  the  other  hand,  a  solid  passes  into  the  aeriform 
state,  as  when  carbon  is  converted  into  carbonic  acid,  the  heat 
actually  observed  is  less  than  that  which  the  combination  ought 
really  to  produce :  and  the  effect  is  reversed  when  the  solid  form 
is  assumed  by  the  product,  as  when  phosphorus  becomes  oxidized 
to  phosphoric  anhydride ;  in  which  case  the  heat  evolved  exceeds 
that  really  due  to  the  act  of  combination.  But  even  when  no 
change  of  state  is  observed,  minor  disturbing  causes  are  at  work. 
Supposing  it  were  possible  to  obtain  a  direct  combination  of 
iodine  with  a  metal,  such  as  iron  or  zinc ;  even  then,  though 
two  solids  united  to  form  a  third  solid,  it  would  not  necessarily 
happen  that  the  whole  of  the  heat  emitted  was  due  to  the  chemi- 
cal action.  If  the  iodide  of  zinc,  for  example,  contracted  in  the  act 
of  combination,  a  small  portion  of  the  heat  observed  would  be  due 
to  that  evolved  by  the  solid  in  consequence  of  its  change  of  bulk ; 
whereas,  if  the  iodide  occupied  a  larger  space  after  combination 
than  that  of  the  two  elements  separately,  the  heat  observed  would 
be  less  than  that  resulting  from  the  chemical  action :  and  even 
if  no  change  of  bulk  occurred,  it  might  happen  that  the  compound 
had  a  specific  heat  different  from  that  of  the  original  elements, 
and  in  such  case  a  slight  elevation  or  depression  of  temperature 
might  be  occasioned,  which  was  not  really  the  chemical  result  of 
the  act  of  combination. 

From  the  foregoing  statement  it  is  therefore  clear  that  the 
experimental  numbers,  however  carefully  the  observations  are 
made,  can  very  rarely  yield  the  actual  quantities  of  heat  due  to 
chemical  actions:  they  are  compound  results  from  which  the 
true  calorific  equivalents  of  the  different  elements  (or  heat  evolved 
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Fig.  149. 


by  the  combination  of  chemical  equivalents  of  the  different  ele- . 
ments),  must  be  deduced  by  other  means. 

(200)  Early  Experiments. — The  importance  of  determining 
accurately  the  amount  of  heat  arising  from  chemical  action,  was 
first  distinctly  announced  by  Lavoisier,  who  instituted  a  series 
of  experiments  with  the  view  of  finding  the  quantity  of  heat 
evolved  during  the  combustion  of  various  substances :  his  method 
consisted  in  ascertaining  the  quantity  of  ice  which  was  melted, 
when  given  weights  of  tnese  bodies  were  burned  in  his  calorime- 
ter. The  first  experiments  with  any  claim  to  accuracy,  however, 
are  those  of  Dulong,  which  have  formed  the  foundation  for  all 
subsequent  researches  upon  the  subject.  Important  additional 
investigations  have  since  been  made,  particularly  by  Despretz, 
and  more  recently  by  Andrews,  and  by  Favre  and  Silbermann. 

(201)  Researches  of  Andrews. — The  apparatus  employed  by  An- 
drews in  these  experiments  (Phil.  Mag.,  May,  1848),  was  of  a  simple 
kind.  When  the  substances  to  be  combined  were  in  the  gaseous 
state,  and  the  products  of  combustion  were  also  gaseous,  toe  two 
gases  were  mixed  in  the  proper  proportions,  as  in  the  performance 
of  a  eudiometric  experiment,  and  introduced  into  a  vessel  of  thin 
sheet  copper  (a,  Fig.  149),  of  a  capacity  of  about  24  cubic  inches. 

It  was  closed  by  a  screw,  the  head  of 
which  was  perforated  to  admit  a  cork, 
through  which  a  silver  wire.  J,  pass- 
ed; this  wire  was  connected  fey  a  thin 
platinum  wire  within  the  vessel  to  a 
second  silver  wire  soldered  to  the 
screw  itself.  The  platinum  wire  could 
be  ignited  by  connecting  it  for  an  in- 
stant with  a  small  voltaic  battery,  and 
thus  the  gaseous  mixture  could  be  de- 
tonated at  the  pleasure  of  the  opera- 
tor. The  copper  vessel  containing  the 
mixed  gases  was  then  introduced  into 
a  larger  vessel,  c,  which  was  filled  up 
with  water :  the  vessel,  0,  was  sus- 
pended in  a  cylinder,  d,  provided  with 
a  moveable  cover,  and  the  whole  was 
enclosed  in  an  outer  cylindrical  ves- 
sel, e,  arranged  so  as  to  admit  of  its 
being  made  to  rotate  upon  its  shorter  axis. 

The  apparatus  having  been  mounted,  was  caused  to  rotate  in 
order  to  bring  every  part  to  a  uniform  temperature ;  after  which 
the  exact  amount  of  this  initial  temperature  was  read  off  by  a 
very  sensitive  thermometer,  capable  of  indicating  differences  of 
temperature  of  T  JT  of  a  degree  Centigrade.  The  thermometer  was 
then  withdrawn,  and  the  gases  exploded  by  igniting  the  fine  pla- 
tinum wire ;  the  outer  vessel  of  water  was  closed  by  a  cork,  and 
the  apparatus  was  caused  to  rotate  for  thirty-five  seconds,  in  order 
to  establish  an  equilibrium  of  temperature  in  all  its  parts.  The 
thermometer  was  again  introduced,  and  the  rise  of  temperature 
was  ascertained.    After  this  observation,  the  apparatus  was  again 
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made  to  'rotate  for  thirty-five  seconds,  and  the  loss  of  heat  thus 
occasioned  was  ascertained.  This  third  rotation  was  necessary  in 
order  to  determine  the  cooling  effect  of  the  atmosphere  upon  the 
apparatus,  daring  the  time  that  the  experiment  lasted :  in  these 
cases  it  seldom  amounted  to  more  than*  T£T  of  the  total  quantity 
of  heat  set  free. 

When  solid  bodies  were  burned  in  oxygen,  the  form  of  the 
apparatus  was  modified  ;  the  combustion  was  effected  in  a  copper 
vessel  (0>  Fig.  150),  of  about  250  cubic  inches  in  capacity,  which 

Fig.  150. 


was  filled  with  oxygen ;  and  a  known  weight  of  the  combustible 
was  supported  in  a  small  platinum  dish,  b ;  when  all  was  ready, 
the  vessel  a  having  been  accurately  closed,  the  combustible  was 
ignited  by  means  of  a  voltaic  current  sent  through  a  very  fine 
platinum  wire  in  connexion  with  the  insulated  wire  f.  Pre- 
viously to  this  igprition,  the  vessel  a  was  immersed  in  a  large  cyl- 
inder, Cy  filled  with  a  known  quantity  of  water,  and  the  whole 
was  surrounded  by  an  outer  vessel  of  tin-plate,  rf,  to  prevent  the 
effects  of  radiation.  The  copper  vessel  could  be  agitated  within 
the  vessel  of  water  by  means  of  the  lever,  e.  Particular  expe- 
dients were  required  in  certain  cases  to  ensure  the  ignition  ;  thus, 
in  burning  zinc  filings  and  other  metals  in  oxygen,  a  minute  por- 
tion of  phosphorus  was  employed  to  kindle  the  metal ;  the  weight 
of  this  piece  of  phosphorus  being  known,  the  heat  which  it  emit- 
ted was  calculated,  and  deducted  from  that  observed.  In  some 
cases  these  experiments  lasted  fifteen  or  sixteen  minutes,  so  that 
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the  correction  for  the  cooling  effect  of  the  external  air  acquired 
considerable  importance. 

When  chlorine  was  used  instead  of  oxygen,  it  was  not  neces- 
sary to  ignite  the  substance  under  trial ;  but  in  order  to  prevent 
the  spontaneous  ignition  of  the  body,  the  latter  was  enclosed  in  a 
thin  glass  bulb,  which  was  broken  by  agitation  of  the  apparatus 
at  the  moment  that  everything  was  prepared.  The  chlorine  itself 
was  in  most  instances  contained  in  a  glass  vessel,  which  was  filled 
with  the  gas  by  displacement ;  an  excess  of  the  body  for  com- 
bination with  the  chlorine  was  always  employed,  so  as  to  ensure 
the  total  absorption  of  the  chlorine.  The  time  allowed  for  ab- 
sorption was  in  each  case  six  minutes  and  a  half. 

(202)  Experiment*  qf  Favre  and  Silbermann. — A  very  ex- 
tensive series  of  researches  upon  the  development  of  heat  dur- 
ing molecular  and  chemical  changes  was  undertaken  by  Favre 
and  Silbermann  (Ann.  Se  Chimie,  HI.  xxxiv.,  xxxvi.,  and 
xxxvii.).  These  experiments  were  conducted  in  many  cases 
upon  a  larger  scale  than  those  of  Andrews,  and  with  a  much 
more  elaborate  apparatus.  It  is  satisfactory  to  find,  however, 
that  their  experimental  results  generally  agree  pretty  closely  with 
those  of  Andrews,  although  they  differ  from  him  in  some  of  their 
deductions.  The  essential  part  of  Favre  and  Silbermann's  appa- 
ratus was  a  vessel  of  brass  gilt,  a,  Fig.  151,  in  which  the  combus- 
tions were  performed;  this  vessel  was 
Fig.  151.  immersed  in  a  calorimeter,  5,  of  silvered 

^  copper,  which  contained  about  3J  pints 

wmmtmM  of  water.    The  calorimeter  was  support- 

ed in  an  outer  vessel,  0,  lined  with  swan's 
I    Ay  down,  and  this  case  was  itself  surround- 

ed by  an  outer  double  envelope,  rf,  filled 
with  water.  It  was  found  that  by  these 
means  the  loss  of  heat  from  the  influence 
of  the  external  atmosphere  was  reduced 
to  a  very  small  and  measurable  amount. 
When  the  combustions  were  performed 
in  oxygen,  this  gas,  previously  dried,  was 
allowed  to  flow  into  the  combustion- 
chamber  by  the  tube,  e,  and  the  gases 
produced,  together  with  the  superfluous 
oxygen,  were  forced,  before  tneir  exit 
from  the  apparatus,  to  traverse  a  spiral 
"  tube  of  thin  copper,  V,  so  that  they  might 
be  completely  cooled  down  to  the  temper- 
ature of  the  water  in  the  calorimeter,  h  :  g  g  is  an  agitator  for  en* 
suring  uniformity  of  temperature  in  the  water  of  the  calorimeter. 
Solid  bodies  were  kindled  by  the  introduction  of  small  pieces 
of  burning  charcoal ;  liquids  were  burned  in  small  lamps  with 
asbestos  wicks,  and  gases  were  introduced  by  a  jet  previously  set 
on  fire.  The  apparatus  in  the  figure  shows  the  arrangement  for 
burning  carbon ;  the  scale  of  the  thermometers  employed  allowed 
a  variation  of  T}T  of  1°  C.  to  be  estimated.    In  most  cases  the 
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weight  of  the  substance  burned  was  ascertained  by  collecting  and 
weighing  the  products  of  combustion. 

(203)  Quantities  of  Heat  evolved  during  Combustion. — The 
following  Table  is  compiled  chiefly  from  the  results  of  Dulong, 
Andrews,  and  Favre  and  Silbermann.  It  is  founded  upon  the 
direct  results  obtained  by  the  rapid  combustion^  in  oxygen,  of 
the  various  substances  enumerated  in  the  first  column.    The  heat 

Seat  developed  during  Combustion  in  Oxygen. 
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unit  adopted  is  the  one  proposed  by  Dulong,  viz.,  the  quantity 
of  heat  required  to  raise  1  gramme  of  water  1°  0.,  or  rather  from 
0°  0.  to  1  C.  The  second  column  indicates  the  units  of  heat 
evolved  during  the  act  of  combustion ;  or  the  weight  in  grammes 
of  water  which  would  be  raised  from  0°  C  to  1°  by  the  combus- 
tion of  1  gramme  of  each  substance.  The  third  column  indicates 
the  weight  of  water  heated  to  the  same  amount  by  the  combina- 
tion of  1  gramme  of  oxygen  with  each  body,  and  the  fourth  col- 
umn (the  calorific  equivalent)  is  obtained  by  multiplying  the 
numbers  in  the  third  column  by  8  (the  eguwalent  number  of 
oxygen). 

The  following  tables  contain  the  results  of  a  similar  series  of 
experiments,  in  which  chlorine,  bromine,  and  iodine  were  em- 
ployed instead  of  oxygen. 


Qitantit 

ies  of  Real  disengaged  by  the  Action  of  Chlorine. 
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Grammes 
of  water 
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Quantities  of  Heat  disengaged  by  the  Action  of  Bromine  and 

Iodine. 


Elements 
operated  on. 

Grammes 
of  water 
raised  1*  O., 
by  combi- 
nation of  1 
gramme  of 
substance. 

Grammes 
of  water 
raised  1*  Qf 
by  combi- 
nation of  1 
gramme  of 
bromine  or 
iodine. 

Grammes  of 
water  raised 
1*  by  combina- 
tion of  1  eqt. 
of  bromine 
or  iodine. 

Com- 
poand 
pro- 

daoed. 

Obserrer. 

Zinc 1 

JBronmie. 
1269      1       508       1       40640       |  2*Br,  1          Andrews.* 
1277      1        298       1        28888       1 2*,Br«  |                 " 

819      I        209        1        26617        1    2*il.    1                  " 

Iron. • 

25nc-«-r— t—  1 

Iron 

463 

68 

|          8046 

1  w.  1 

U 

From  an  inspection  of  these  tables  it  may  be  gathered  that 
the  amount  of  heat  disengaged  by  the  following  bodies,  in  their 
ordinary  physical  state,  during  their  combination  with  an  equal 

•  TraneacUont  of  ike  Royal  Iruh  Academy,  toL  xiz.  1848. 
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weight  of  oxygen,  is  nearly  the  same :  viz.,  hydrogen,  carbonic  ox- 
ide, cyanogen,  iron,  and  tin,  to  which  also  may  be  added  protoxide 
of  tin,  and  phosphorus,  though  the  heat  disengaged  bv  the  body 
last  named  is  somewhat  higher  than  that  furnished  by  any  one 
of  the  others.  If,  however,  to  these  numbers,  the  corrections  due 
to  the  change  in  the  physical  state  of  the  products  could  be  ap- 
plied, the  same  coincidence  would  not  be  observed ;  but,  although 
the  trustworthy  numerical  data  required  for  making  these  correc- 
tions do  not  exist,  it  is  quite  obvious  that  when  equivalent  quan- 
tities of  the  different  elements  unite  with  equal  weights  of  oxygen 
without  undergoing  change  in  their  physical  state,  they  emit  spe- 
cific, but  different  amounts  of  heat  Sulphur,  copper,  and  pro- 
toxide of  cojpper,  disengage  little  more  than  half  the  heat  of  this 
substances  just  mentioned,  and  carbon  is  intermediate  between 
these  two  groups.  Zinc  gives  out  more  heat  than  either,  and 
potassium  more  than  zinc. 

(204)  Influence  of  Dimorphism. — According  to  the  experi- 
ments of  Favre  and  Silbermann,  equal  weights  of  the  same  sub- 
stance, when  in  different  allotropic  conditions,  evolve  somewhat 
different  amounts  of  heat  during  combustion ;  the  modification 
which  is  least  dense  and  has  the  highest  specific  heat  evolving 
the  largest  quantity  of  heat  when  burned.  The  following  results 
with  carbon,  and  sulphur,  and  phosphorus,  in  different  states, 
may  be  given  in  illustration  of  this  point : — 

Units  of  HMt  SpeelfleHeat 

Diamond  evolve*. 7770  0*11687 

Graphite- 7796  0-20187 

Wood  Charcoal 8080  0*24160 

Octahedral  Sulphur M 2220  01776 

Prismatic 2264  0-1844 

Viscous  Sulphur 2268 

Red  Phosphorus 6070  0*1700 

Vitreous  Phosphorus. 6968  0*1887 

Similar  differences  were  observed  when  different  forms  of  the 
same  compound  bodv  were  submitted  to  experiment.  According 
to  these  observers,  neat  was  evolved  during  the  conversion  of 
aragonite  into  calc-spar:  this  is  somewhat  remarkable,  for  the 
density  of  calc-spar  is  less  than  that  of  aragonite,  and  hence  from 
analogy,  an  absorption  of  heat  was  rather  to  be  looked  for  in  this 
change. 

(206)  Seat  evolved  in  certain*  Cases  during  Decomposition. — 
In  tne  experiments  of  Dulong  it  appeared  that  when  oxide  of  car- 
bon or  hydrogen  was  burned  in  nitrous  oxide,  a  larger  amount 
of  heat  was  evolved  than  when  the  same  weights  of  these  gases 
were  burned  in  oxygen:  following  up  this  observation,  Favre 
and  Silbermann  were  led  to  the  remarkable  conclusion,  that 
nitrous  oxide,  in  the  act  of  decomposition,  evolves  a  considerable 
amount  of  heat ;  and  they  estimate  that  not  less  than  1154  units 
of  heat  are  evolved  in  the  separation  into  its  elements  of  a  quan- 
tity of  nitrous  oxide  which  contains  1  gramme  of  oxygen.    In 
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the  decomposition  of  peroxide  of  hydrogen  also,  heat  is  evolved 
instead  of  being  absorbed,  and  they  estimate  the  heat  evolved 
during  the  liberation  of  1  gramme  of  oxygen  from  peroxide  of 
hydrogen  at  1863  heat  units. 

Chemists  are  also  familiar  with  other  cases  in  which  decom- 
position is  attended  with  disengagement  of  heat ;  as  when  the 
oxides  of  chlorine,  and  the  so-called  iodide  and  chloride  of  nitro- 
gen are  decomposed.  In  these  cases  evolution  of  light  and  heat 
occurs,  although  die  products  of  decomposition  occupy  a  larger 
bulk  than  the  compound  which  furnishes  them.  A  still  more 
striking  evolution  of  heat  attends  the  explosive  decomposition  of 
gun-cotton,  although  the  gases  produced,  occupy  many  hundred 
times  the  volume  of  the  original  substance.  The  latter  case  is 
particularly  instructive,  for  it  is  obvious  that  the  oxygen  and 
carbon,  although  present  in  the  compound,  are  each  there  in  a 
form  in  which  they  retain  a  large  share  of  heat,  ready  to  be 
evolved  when  more  intimate  chemical  union  occurs ;  and  it  is 
by  no  means  improbable  that  these  apparent  anomalies  may  be 
due  to  the  apparent  decompositions  being  truly  double  decompo- 
sitions, two  new  bodies  being  in  each  case  formed.  Thus,  in  the 
instance  of  peroxide  of  hydrogen,  the  decomposition  may  be  thus 
represented,  11,0,0+H, 0,0=2  H.0+  0% ;  where  the  heat  evolv- 
ed by  the  union  of  the  two  atoms  of  oxygen  may  be  greater  than 
that  absorbed  in  the  decomposition  of  the  peroxide  of  hydrogen. 

(206)  Combustion  of  Compounds. — Generally  speaking,  the 
heat  given  out  during  the  combustion  of  a  compound  body  is  less 
than  that  emitted  by  the  combustion  separately  of  a  quantity  of 
each  of  its  constituents  equal  in  amount  to  that  present  in  the 
compound  burnt ;  but  this  is  not  uniformly  so,  as,  for  instance, 
in  the  case  of  oil  of  turpentine,  and  of  bisulphide  of  carbon. 
Favre  and  Silbermann  have  examined  the  amount  of  heat  devel- 
oped during  the  combustion  of  many  hydrocarbons  and  com- 
pound ethers.  From  these  experiments  it  appears  that  polymeric 
bodies*  do  not  emit  equal  amounts  of  heat  during  combustion ; 
but  that  the  denser  the  vapour  which  they  furnish,  the  smaller  is 
the  amount  of  heat  which  they  evolve  in  combining  with  equal 
weights  of  oxygen.  The  following  table,  which  indicates  the 
amount  of  heat  riven  out  by  hydrocarbons  polymeric  with  de- 
fiant gas,  distinctly  shows  tins : — 

,  Heat  Unite. 

defiant  Gas     .    .    .     <7.H4    .    .    .    11858 


Amylene 
Paramylene 
Cetene  .  . 
Metamylene 


OJB.u 


11491 
11303 
11055 
10928 


In  homologous!  compounds,  such  as  the  alcohols  and  the 
fatty  acids,  it  was  also  found  that  for  equal  weights  of  oxygen 

*  Bodes  which  contain  centeahnaUy  the  tune  proportion  of  the  mum  dementi,  bet 
which  each  contain  a  different  number  of  atoms  in  their  molecule. 

t  Bodies  which  have  a  similar  constitution,  bat  which  differ  in  composition  by  a 
multiple  of  CH* 
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consumed,  the  beat  of  combustion  was  diminished,  the  oftener 
that  the  group  of  elements  (<7Ht)  entered  into  the  formation  of 
the  compound. 

Even  in  metameric  bodies — which  contain  the  same  number 
of  fttoms  of  the  same  elements  in  their  molecules,  but  the  atoms 
arranged  in  a  different  order  in  each  compound,  and  which  yield 
vapours  of  the  same  density — the  quantity  of  heat  evolved  dur- 
ing combustion  is  not  necessarily  the  same :  from  which  it  would 
appear  that  differences  in  the  molecular  arrangement  of  the  com- 
ponent elements,  although  the  number  of  the  atoms  may  remain 
unaltered,  may  yet  produce  differences  in  the  amount  of  heat 
evolved  during  oxidation.  For  example,  the  following  meta- 
merides  (all  containing  (7,H(0t)  evolve  different  quantities  of 
heat: — 

Heat  Units. 

Propionic  acid 'E9OM%0%    .    .    .    4670 

Formic  ether    ....      Cja^Htf,    .    .     .    5279 
Acetate  of  methyl      .    .     CE.t,0^tO%    .    .    .    5344 

(207}  Indirect  Methods  of  estimating  Calorific  Equivalents. — 
The  difficulties  experienced  in  effecting  the  direct  combustion  of 
the  metals  in  oxygen,  chlorine,  iodine,  and  sulphur,  in  such  a 
manner  as  to  ensure  the  perfect  conversion  of  the  metal  into  a 

E'ven  compound,  unmixed  with  any  other  body  of  higher  or 
wer  degrees  of  oxidation,  &c,  are  so  considerable,  that  Favre 
and  Silbermann  were  led  to  attempt  the  solution  of  this  problem 
by  indirect  means,  upon  a  principle  previously  suggested  and 
applied  by  Dr.  Woods  (Phil.  Mag,,  Oct.  1851).  An  examination 
of  one  of  the  methods  employed  in  the  case  of  the  oxides,  will 
furnish  an  idea  of  the  general  principle  upon  which  they  pro- 
ceeded. 

Whenever  a  metal  is  acted  upon  by  an  acid,  or  when  one 
metal  is  employed  to  precipitate  another  metal  from  any  of  its 
salts,  as  when  zinc  is  dissolved  in  sulphuric  acid,  or  when  copper 
is  precipitated  by  means  of  zinc  from  a  solution  of  its  sulphate, 
heat  is  evolved.  The  calorific  effects  thus  obtained  are,  however, 
complicated  results :  for  several  chemical  processes  concur  in  each 
operation,  some  of  these  processes  being  attended  with  the  ab- 
sorption, others  With  the  evolution  of  heat.  The  calorimeter,  of 
course,  onlv  measures  the  difference  of  these  quantities. 

Now,  if  it  be  assumed  that  the  quantity  of  heat  which  is  ab- 
sorbed when  a  compound  is  separated  into  its  elements  is  the 
same  as  that  evolved  in  the  formation  of  that  compound,  it  be- 
comes possible  to  calculate  the  value  of  the  calorific  action  of  any 
one  particular  chemical  operation  in  the  entire  process,  provided 
that  the  heat  produced  or  absorbed  in  the  other  portions  of  the 
process  be  determined  by  other  experiments.  Suppose,  for  in- 
stance, we  take  the  case  of  the  solution  of  zinc  in  dilute  sulphuric 
acid — the  elevation  of  temperature  observed  will  be  the  resultant 
of  the  following  operations : — 

In  the  first  place,  heat  is  evolved  by  the  combination  of  an 
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equivalent  of  zinc  with  one  of  oxygen.  Let  this  amount  of 
heat=£. 

Secondly,  heat  is  produced  by  the  solution  of  the  oxide  of  zinc 
in  sulphuric  acid :  let  this=0. 

Thirdly,  heat  is  absorbed  by  the  separation  of  the  oxygen  and 
hydrogen  during  the  decomposition  of  a  quantity  of  water  equiv- 
alent to  that  of  the  zinc  dissolved :  let  this= b. 

If  T  be  the  number  of  heat  units  indicated  by  the  rise  of  tem- 
perature observed  in  the  calorimeter,  supposing  a  and  b  to  be 
known  from  previous  experiments,  it  is  obvious  that  a?=T— a+b. 

Experiment  shows  that  T,  the  heat  evolved  during  the  solu- 
tion or  1  gramme  of  zinc,  is  equal  to  567*9  heat  units.  The  solu- 
tion in  sulphuric  acid  of  1  gramme  of  zinc  after  its  conversion 
into  oxide,  gave  for  a  a  quantity  equal  to  335-54 :  and  b>  the  heat 
absorbed  during  the  decomposition  of  a  quantity  of  water  equiva- 
lent to  a  gramme  of  zinc,  was  found  by  another  experiment  to  be 
equal  to  1060*39  units,  or 

34462      the  calorific  equivalent  of  hydrogen    H  ^ ot.  0rt 

QOg  or  ■— r — r — r-4 h — ,     .   *.    .6     =1060-39 ; 

32*5  the  chemical  equivalent  of  zinc 

consequently,  x,  the  heat  attendant  on  the  oxidation  of  zinc,  is 

thus  obtained:  — 

Heat  Units. 

T=  567-90 

+ft=1060-39 

1628-29 

-q=  33554 

a?=1292-75 

This  number  agrees  very  closely  with  the  direct  determina- 
tion by  Andrews  and  by  Dulong,  both  of  whom  burned  the 
metal  in  oxygen.  The  experiments  of  Andrews  would  give  the 
number  1301,  and  those  of  Dulong  1298.  But  although  the  re- 
sults agree  very  well  in  the  present  instance,  the  divergencies  are 
much  greater  in  the  case  of  iron  and  of  copper. 

The  following  are  the  results  deduced  by  Favre  and  Silber- 
mann,  by  operations  conducted  upon  this  principle ;  the  quanti- 
ties of  heat  evolved  being  calculated  for  1  gramme  of  each  ele- 
ment, when  combined  with  a  single  equivalent  (0=8)  of  the 
bodies  with  which  it  is  united : — 


Elements. 

Oxides. 

Chlorides. 

Bromides. 

Iodides. 

Sulphides. 

Hydrogen 

84462 

1291 

1852-6 

688*9 

2661 

56-6 

28788 

2587-7 

4125-9 

1547-5 

1775-5 

922-7 

4801 

822-2 

9822 
2808 

815-4 
287-2 

—8606 
1977*2 

2281 
172-7 

2741 
1170-8 

6448 

6840 

285-4 

91-9 

511 

PotAMium 

Rodiam  ,„.„,„„„ 

Zinc  ..r. ...... ...... 

Iron , 

Copper  ..»•••• 

Lead 

Silver. 

\ 

Notwithstanding  the  confidence  with  which  these  numbers 
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are  put  forward  by  their  authors,  it  must  be  admitted  that  the 
data  necessary  for  the  calculations  by  which  they  were  obtained 
are  as  yet  very  incomplete.  The  latent  heat  of  oxygen  in  the 
gaseous  state  is  unknown,  and  other  important  numbers  are 
wanting :  the  results  given  in  the  foregoing  table  cannot,  there- 
fore, at  present  be  received  without  great  reserve. 

(208)  Mercurial  Calorimeter  of  Fame  amd  SUbermaim. — 
Most  of  these  experiments  were  performed  by  the  aid  of  a  mer- 
curial calorimeter  (Ann.  de  Chifmey  ILL  xxxvi.  33).  This  instru- 
ment may  be  regarded  as  a  mercurial  thermometer,  with  a  very 
large  bulb  capable  of  receiving  within  it  the  substances  which 
were  submitted  to  experiment.    It  consists  of  a  large  glass  globe, 

Fig.  152. 


A,  Fig.  152,  of  the  capacity  of  about  32  fluid  ounces,  provided 
with  three  apertures,  one  at  the  top  and  two  at  the  sides.  Into 
one  of  the  lateral  apertures,  5,  is  fixed  obliquely  a  tube  of  thin 
iron  or  platinum,  closed  at  the  bottom  ;  and  into  this  tube,  which 
is  callea  the  muffle,  is  introduced  another  tube,  c,  of  very  thin 
glass,  containing  the  substances  which  are  to  be  submitted  to 
experiment :  this  glass  tube  is  fitted  into  the  metallic  tube  by 
means  of  a  cork,  a;  a  small  quantity  of  mercury  is  placed  within 
the  muffle,  the  object  of  this  expedient  being  to  transmit  the  heat 
rapidly  from  the  glass  tube  to  the  body  of  the  calorimeter.  The 
second  lateral  aperture,  *,  terminates  in  a  neck  which  is  curved 
vertically  upwards,  and  into  which  is  cemented  the  bent  extrem- 
ity of  a  horizontal  capillary  tube,/1,  of  uniform  bore,  open  at  both 
ends,  and  18  or  20  inches  in  length  :  by  means  of  this  tube  the 
changes  in  volume  of  the  mercury  can  be  measured  upon  the 
scale  g  g.  Through  the  upper  aperture  of  the  globe  passes  a 
steel  piston,  A,  moved  by  a  screw,  by  which  means  the  column 
of  mercury  in  the  capillary  tube  can  be  reduced  at  pleasure  to 
the  zero  of  the  scale.  The  globe  is  itself  enclosed  in  a  wooden 
case,  Aj,  lined  with  swan's  down  in  order  to  diminish  the  disturb- 
ing effects  of  external  ch&nges  of  temperature. 

The  value  of  the  amount  of  expansion  indicated  was  at  once 
transformed  into  units  of  heat,  by  ascertaining  the  amount  of  ex- 
pansion produced  by  the  cooling  of  a  given  weight  of  water  from 
the  boiling-point,  to  a  measured  degree  of  temperature :  by  mul- 
tiplying the  weight  of  water  in  grammes  by  the  number  of  de- 
grees Centigrade  which  it  had  lost  in  cooling,  the  number  of 
20 
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wit*  ef  Aeat  was  ascertained ;  since,  by  our  definition,  a  unit  of 
heat  is  the  quantity  of  heat  required  to  raise  1  gramme  of  water 
1°  0.  The  number  of  inches  by  which  the  mercurial  column  had 
advanced  in  the  capillary  tube  during  the  operation  was  next 
accurately  measured ;  and  by  dividing  this  measured  column  by 
the  number  of  heat  units,  the  instrument  was  graduated  so  as  to 
enable  the  observer  to  record  at  once  the  number  of  units  of  heat 
disengaged  or  absorbed  during  any  chemical  change. 

This  apparatus  is  good  in  principle,  but  it  is  open  to  certain 
objections  in  the  mode  of  its  construction : — the  sides  of  the  glass 
vessel  are  necessarily  thick,  to  enable  it  to  sustain  the  large 
weight  of  mercury  with  which  it  is  filled ;  the  glass,  therefore, 
cannot  rapidly  and  certainly  adjust  itself  to  the  temperature  of 
the  hot  mercury  with  which  it  is  in  contact.  Moreover  the 
tubes  are  cemented  into  the  three  openings  with  mastic  or 
marine  glue.  The  apparatus,  to  work  well,  should  have  been 
filled  like  a  barometer  or  thermometer,  since  the  presence  of  even 
a  small  bubble  of  air  would  materially  affect  the  accuracy  of  the 
results.  It  is  true  that  it  is  stated  that  the  globe  was  filled  with 
mercury  in  vacuo,  but  with  cemented  joints  this  precaution 
would  soon  be  rendered  useless.  It  is  therefore  necessary,  in 
estimating  the  amount  of  confidence  due  to  the  results  obtained 
by  its  use,  to  bear  in  mind  these  possible  sources  of  inaccuracy. 
This  is  the  more  necessary,  since  it  is  principally  in  the  numbers 
obtained  by  the  use  of  this  apparatus  that  the  results  of  Favre 
and  Silbermann  differ  from  those  of  Andrews.  At  the  same 
time  it  is  to  be  remarked,  that  the  results  published  by  the 
French  observers  appear  to;  be  verjr  consistent  with  each  other. 

(209)  On  the  Heat  evolved  during  Metallic  Precipitation*. — 
On  the  other  hand,  it  must  be  stated  that  the  varied  and  careful 
experiments  of  Andrews  (Phil.  Trans.,  1848)  upon  the  heat 
evolved  during  the  precipitation  of  several  metals  from  their  salts 
by  the  action  of  other  metals,  furnished  numerical  results  differ* 
ing  from  those  calculated  by  Favre  and  Silbermann.  In  the 
experiments  of  Andrews,  the  correctiqns  required  are  not  in  all 
cases  completely. under  exact  experimental  control ;  in  the  dis- 
placement of  copper  by  lead  the  correction  amounts  to  one-eighth 
of  the  whole  increment  of  heat,  but  in  other  substances  the  cor- 
rection is  trifling,  not  exceeding  one-fiftieth  of  the  amount  of  heat 
evolved;  the  numbers  obtained  are  mutually  consistent.  An 
additional  test  of  the  accuracy  of  this  method  is  afforded  by  the 
data  furnished  in  two  different  series  of  experiments  upon  the 
amount  of  heat  obtained  during  the  precipitation  of  copper  by 
zinc — the  corresponding  numbers  in  both  sets  of  experiments 
agreeing  very  closely  with  each  other.  In  the  first  set  of  experi- 
ments metallic  copper  was  precipitated  from  a  strong  solution 
of  its  sulphate  by  means  of  zinc,  in  a  small  glass  vessel,  and  the 
heat  estimated  by  the  rise  of  temperature  experienced  by  the 
water  of  a  calorimeter  in  which  the  glass  vessel  was  contained : 
in  the  second  series,  a  dilute  solution  of  sulphate  of  copper  was 
employed,  and  the  heat  was  measured  by  the  rise  of  temperature 
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experienced  by  the  liquid  itself.  The  mean  of  4t  experiments  by 
the  first  plan  gave  864  as  the  number  of  units  of  heat  evolved  by 
the  precipitation  of  each  gramme  of  copper  from  its  sulphate ; 
whilst  the  mean  of  5  experiments  upon  the  latter  method 
was  868. 

The  following  are  the  numbers  given  by  Andrews,  but  he 
has  purposely  abstained  from  any  attempt  to  deduce  from  them 
the  amount  of  heat  developed  during  the  indirect  oxidation  of 
the  metal  which  acts  as  the  precipitant : — 

Table  of  Meat  evolved  during  MetaMc  PrecipitatioTis. 


Class  of  Baits  used,  and  Metals  em- 
ployed lor  precipitating  them. 

Name  of 

precipitated 

metal. 

Units  of  beat 
evolved  by  precipi- 
tated metaL 

Name  of 

precipitating 

metaL 

Units  of 
heat  fori 
gramme 
of  preci- 
pitating 
metaL 

Fori 
gramme 

Fori 
equivalent 

Salts  of  Copper  by  Zinc 

Copper 

Copper 

Copper 

SUver 

ffllver 

Lead. 

Mercury 

Platinum 

866 
692 
268 
426 
161 
182 
888 
899 

ssssssss 

Zinc 

Iron 

Lead 

Zinc 

Copper 

Zinc 

Zinc 

Zinc 

847 

677 

82 

1420 

649 

686 

1084 

2760 

Salts  of  Copper  by  Iron...^ 

Salts  of  Copper  by  LeacL.....»*r— 

Salts  of  Silver  by'Zinc.,. 

Salts  of  Silver  by  Copper 

Salts  of  Lead  by  Zinc • 

Salts  of  Mercury  by  Zinc. 

Salts  of  Platinum  by  One 

In  these  experiments  a  known  weight  of  finely-divided  zinc, 
iron,  lead,  or  copper,  as  the  case  might  require,  was  mixed  with 
a  solution  of  the  salt  to  be  decomposed ;  taking  care  that  the 
metal  employed  was  always  more  than  sufficient  completely  to 
decompose  the  salt  in  solution :  the  rise  of  temperature  which 
occurred  was  noted  with  the  usual  precautions. 

Andrews  states,  as  the  result  of  a  large  number  of  experi- 
ments, that  the  quantity  of  heat  developed  during  the  mutual 
action  of  the  same  pair  of  metals,  is  this  same,  when  an  equivar 
lent  of  one  metal,  a,  displaces  another  metal,  b,  from  any  of  its 
salts,  whatever  may  be  the  acid  of  the  salt  employed,  provided 
that  b  is  in  the  same  state  of  oxidation  in  each  of  the  compounds 
submitted  to  experiment.  But  if  a  different  metal  be  employed 
to  effect  the  precipitation,  the  amount  of  heat  evolved  is  differ- 
ent Thus,  whether  chloride,  or  sulphate,  or  acetate,  or  formiate 
of  copper  be  precipitated  by  zinc,  the  quantity  of  heat  developed 
in  each  case  for  every  equivalent  of  copper  is  sensibly  the  same, 
viz.,  27452.  But  if  iron  be  substituted  for  zinc  in  the  precipita- 
tion of  the  copper,  the  amount  of  heat  is  different,  viz.,  18736 ; 
though  iron  evolves  the  same  amount  of  heat,  whether  the  sul- 
phate or  the  chloride  of  copper  be  employed.  The  principle, 
that  the  quantity  of  heat  developed  during  the  mutual  action  of 
the  same  pair  of  metals  is  always  the  same  whatever  be  the 
nature  of  the  acid  contained  in  the  salts  employed,  has  since  been 
assumed  by  Favre  and  Silbermann  in  their  calculations.  If  the 
metals  be  arranged  in  a  list,  beginning  with  those  which  emit 
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the  largest  amount  of  beat  when  used  as  precipitants,  the  ordei 
in  which  they  will  stand  is  the  following — zinc,  iron,  lead,  cop- 
per, mercury,  silver,  and  platinum.  Now  it  will  be  remarked 
that  this  is  exactly  in  the  electro-chemical  order  (261),  zinc  being 
the  most  electro-positive,  and  platinum  the  most  electro-negative. 
Another  interesting  point  of  connexion  between  the  thermal  and 
the  electrical  phenomena  exhibited  by  the  metals,  is  to  be  ob- 
served in  the  fact  that  the  nature  of  the  acid  contained  in  the 
salt  which  is  undergoing  decomposition,  does  not  influence  either 
its  thermal  equivalent,  or  the  electro-motive  force  (260)  which  it 
exerts  when  employed  in  the  production  of  voltaic  action. 

The  following  remarkable  conclusion  was  deduced  by  An- 
drews from  these  experiments : — If  three  metals,  a,  b,  and  o,  be 
so  related  that  a  is  capable  of  displacing  b  and  o  from  their  com- 
binations, and  b  be  also  capable  of  displacing  o,  the  heat  devel- 
oped by  the  substitution  of  a  for  o  will  be  exactly  equal  to  that 
developed  in  the  substitution  of  a  for  b,  together  with  that  devel- 
oped in  the  substitution  of  b  for  c : — 

Heat  Units. 

Thus,  1  equivalent  of  lead  displaced  by  zinc   =   18856 
1  equivalent  of  copper  by  lead  .    .    .   =     8488 

1  equivalent  of  copper  by  zinc  .    .    .   =   27344 

The  experimental  number  for  copper  by  zinc  being  27452 

An  analogous  phenomenon  is  observed  in  the  electrical  rela- 
tions of  the  metals  (260) :  when  three  metals,  such  as  platinum, 
zinc,  and  potassium  are  arranged  two  and  two  in  their  electrical 
order,  the  electro-motive  force  generated  between  the  two  ex- 
tremes, platinum  and  potassium,  is  equal  to  the  sum  of  the  elec- 
tro-motive forces  of  the  pairs  platinum  and  zinc,  and  zinc  and 
potassium. 

(210)  Calorific  Equivalents  of  the  Elements.— The  results 
obtained  by  the  direct  action  of  oxygen,  chlorine,  iodine,  and 
bromine,  upon  various  elementary  bodies,  are  summed  up  in  the 
following  table,  in  which  the  numbers  given  indicate  the  quantity 
of  heat  evolved  by  the  union  of  equivalent  quantities  of  oxygen, 
chlorine,  iodine,  and  bromine  with  each  element,  taking  as  the 
standard  of  comparison  the  number  of  grammes  of  water  at  0°  O., 
which  would  be  raised  to  1°  C.  by  the  combustion  of  1  gramme 
of  hydrogen  in  oxygen.  In  this  case  the  numbers  for  the  differ- 
ent elements  are  afl  calculated  from  their  equivalent  numbers, 
and  correspond  with  those  given  in  the  table  at  pp.  19,  20,  not 
with  the  atomic  weights.  The  quantities  of  heat  thus  given  out 
are  termed  by  Favre  and  Silbermann  the  calorific  equivalents  of 
the  different  elements. 

The  numbers  to  which  an  A  is  prefixed  are  those  of  Andrews ; 
F.  S.  indicate  those  of  Favre  and  Silbermann :  when  an  asterisk 
is  prefixed  to  any  number,  the  result  has  been  calculated  by  indi 
rect  methods,  upon  the  principle  already  explained  (p.  303) : — 
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Calorffic  Equivalents  of 

various 

Elements  (0  = 

8). 

Elements. 

Obeeiren. 

Oxygen. 

Chlorine. 

Bromine. 

Iodine. 

Sulphur. 

Hydrogen 

Carbon 

F.S. 
u 

it 

A. 
A. 

F.S. 

M 

A. 

F.S. 
A. 

p.a 

A. 

cc 

Dulong. 

CI 

F.S. 

(C 

cc 

84462 
24240 
17760 
86072 

! 

!'    42282 
; »42451 
'    88072 
^•87828 
88519 

47000 

)    19152 

J  *21885 

•27675 

•6118 

28788 

104476 

•100960 

94847 

50658 

•60296 

82695 

•49651 

81722 

24992 

A.  80401 

80404 

•29524 

•44780 

•84800 

•9822 

•90188 
40640 
28888 

•82802 
•25618 

•—8606 

•77268 

26617 

8046 

•28208 
•18651 

•2741 

•45688 

•20940 
•17758 

*9188 
•9556 
•5524 

SulphUr.  ,,-rriM 

Phosphorus. 

Potassium 

Ditto 

Sodium ..... 

Zinc 

Ditto..... 

Iron 

Ditto 

Tin 

Aw^eni&.T.Ti-t.t.. 

Antimony 

Conner. 

Ditto 

Lead 

Silver. 

From  an  examination  of  the  foregoing  table  of  calorific  equiv- 
alents, it  will  be  obvious  that  the  temperature  evolved  in  the  act 
of  cqmbination  rises  highest  in  those  cases  in  which  the  chemical 
affinity  between  the  two  elements  is  the  strongest,  and  where  the 
compound  possesses  the  greatest  stability.  No  definite  quantita- 
tive expression  of  the  law  which  regulates  the  evolution  of  heat 
during  combination,  can,  however,  be  deduced  from  these  num- 
bers, owing  to  the  variety  of  disturbing  causes  when  bodies  are 
compared  in  the  solid  state. 

(211)  On  the  Seat  developed  during  the  Reaction  of  Acids 
uvon  Bases. — A  careful  and  extensive  series  of  experiments  upon 
the  heat  developed  during  the  saturation  of  dilute  solutions  of 
different  acids,  bv  each  of  the  more  important  bases  with  which 
they  form  soluble  compounds,  was  published  by  Andrews  in 
1841.  {Trans.  Boy.  Irish  Acad.,  vol  xix.  Part  II.)  In  these 
experiments  a  slight  excess  of  acid  was  purposely  employed ;  the 
bases,  where  it  was  possible,  being  in  a  state  of  solution.  When 
the  bases  are  in  the  insoluble  form,  the  heat  observed  is  of  course 
lower  than  that  due  to  the  chemical  action ;  a  portion  being  ab- 
sorbed in  the  passage  of  the  base  from  the  solid  to  the  liquid  con- 
dition ;  but  although  the  quantity  of  heat  so  absorbed  is  unknown, 
this  amount  is  constant  for  the  same  base,  and  therefore  the  ob- 
served results  obtained  for  the  combination  of  equal  weights  of 
this  base  with  different  acids  are  mutually  comparable.  A 
resume  of  this  subject  is  given  by  the  same  author  in  a  "  Report 
on  the  Heat  of  Combination,"  published  in  the  Beport  of  the 
British  Association  for  1849,  p.  69.  From  these  experiments  it 
appears: — 

1.  "  That  an  equivalent  of  the  same  base,  combined  with  dif- 
ferent acids,  produces  nearly  the  same  quantity  of  heat. 

2.  "  An  equivalent  of  the  same  acid,  combined  with  different 
bases,  produces  different  amounts  of  heat. 
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S.  "  When  a  neutral  Bait  is  converted  into  an  acid  Bait  by 
combining  with  one  or  more  equivalents  of  an  acid,  no  disen- 
gagement of  heat  occurs. 

4.  "  When  a  double  salt  is  formed  by  the  union  of  two  neu- 
tral salts,  no  disengagement  of  heat  occurs. 

5.  "  When  a  neutral  salt  is  converted  into  a  basic  salt,  the 
combination  is  accompanied  by  the  disengagement  of  heat. 

6.  "  When  o.te  and  the  same  base  displaces  another  from  any 
of  its  neutral  combinations,  the  heat  evolved  or  absorbed  is 
always  [nearly]  the  same,  whatever  the  acid  element  may  be."  * 

The  results  of  Favre  and  Silbermann  lead  to  conclusions  sub- 


*  The  author  cannot  here  omit  acknowledging  the  kindness  of  his  friend  Dr.  An- 
drews, who  has  furnished  him  with  a  table  of  his  experimental  results,  reduced  from 
the  paper  in  the  Transaction*  of  the  Royal  Irish  Academy  to  the  hydrogen  unit,  cor- 
rected for  the  specific  heat  of  the  solutions  employed ;  this  correction  is  very  trifling  in 
amount,  but  it  was  omitted,  as  stated,  in  the  original  paper.  Dr.  Andrews  has  also 
communicated  to  the  author  the  result  of  an  unpublished  series  of  experiments  upon 


Heat  Units  evolved  by  the  Combination  of  1  Equivalent  of 


ANDREWS. 

FAVKE 

Adda 

Potas- 
sium. 

Sodium. 

Barium. 

Ammo- 
nium. 

Ma*> 

neatum. 

Cal- 
dum. 

Zinc 

Lasd. 

Sflyer. 

Potas- 
sium. 

Sodium 

Sulphuric 

15900 

16200 

•■• 

18900 

18500 

... 

11800 

... 

... 

16088 

15810 

Sulphurous.... 

15900 

... 

... 

... 

... 

... 

... 

... 

... 

... 

... 

Nitric. 

14600 

14000 

14700 

12200 

17700 

15700 

10800 

8900 

6900 

15510 

15283 

Phosphoric... 

14200 

14000 

••• 

... 

... 

15500 

... 

... 

... 

17766 

... 

Arsenic 

14100 

18900 

... 

12200 

... 

... 

... 

... 

... 

... 

... 

Hydrochloric. 

14300 

14700 

14700 

12200 

17700 

... 

10600 

... 

... 

15656 

15128 

Hydrobromic 

... 

... 

... 

... 

... 

... 

... 

... 

... 

15510 

15159 

Hydriodic ..... 

14200 

14100 

14700 

11900 

... 

... 

9800 

•«. 

... 

15698 

15097 

Chromic 

14000 

... 

••• 

... 

... 

... 

... 

... 

... 

... 

.— 

Oxalic 

14400 

14600 

... 

12400 

... 

... 

... 

... 

... 

14156 

13752 

Acetic 

13800 

18800 

18700 

11900 

... 

15300 

... 

8100 

... 

18978 

13600 

Formic 

13900 

... 

... 

... 

... 

... 

... 

... 

... 

... 

13808 

Tartaric 

18200 

12900 

... 

11200 

»•• 

... 

... 

... 

... 

18425 

12651 

Citric 

13200 

12900 

11000 

13658 

18178 

Succinic 

13400 

12900 

... 

11200 

•«• 

... 

... 

... 

1 

1 
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gtantiallj  similar,  though  the  absolute  quantities  of  heat  which 
they  obtained,  in  many  cases  differ  considerably  from  those  pub- 
lished by  Andrews.  The  table  which  is  given  at  the  bottom  of 
this  and  the  preceding  page  incfeates  the  amount  of  heat  obtained 
by  both  observers  by  combining  1  equivalent  of  each  of  the  dif- 
ferent gases,  with  each  acid,  the  acid  being  always  very  slightly 
in  excess. 

In  the  present  stage  of  our  knowledge  upon  this  subject^  it 
appears  safest  to  state,  that  the  quantity  of  heat  emitted  during 
the  act  of  combination  of  equivalent  quantities  of  different  acids 
with  a  given  base,  although  nearly  the  same,  is  not  rigidly  so. 


this  subject,  which  were  undertaken  with  a  view  of  throwing  light  upon  the  difference 
between  the  conclusions  arrived  at  by  the  French  chemists,  and  those  formerly  publish- 
ed by  the  Professor  of  Belfast  The  general  result  of  these  new  experiments,  which 
were  performed  with  thermometers  of  greater  sensitiveness  than  on  the  former  occa- 
sion, and  with  additional  precautions  to  avoid  error,  confirms  the  conclusions  previously 
arrived  at  by  Dr.  Andrews. 


the  undermentioned  Bases  with  1  Equivalent  of  certain,  Acids. 


AHD 


SILBERMANK. 


Barium. 


15860 


Ammo- 
nium. 


14690 

18676 

••• 

18586 


**-      ?*       Zinc 
Malum,    elum. 


14440 
12840 

18220 


12649 


12270 


16948 


10455 
8828 

8807 


12075 
10650 

11285 


ffldUL 


11982 
10450 

10412 


7720 


9982 


9246 


Cetwlt 


11780 
9956 

10874 


Iron, 
ferrous. 


10872 
9648 

9828 


Old- 


Copptr. 


10240 
8116 

8109 


7720 


6400 


6416 


9272 


8590 


7546 


5264 


SIlTer. 


9240 


6206 
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They  might  probably  be  arranged  in  isoihermic   groups,  as 
follows : — those  which  6tand  first  evolving  most  heat : 

WithlEqtofPotaah. 

15900 


1.  Sulphuric  and  sulphurous  acids     .    . 

2.  Oxalic,  nitric,  phosphoric,  arsenic,  hy- ) 
drochloric,  hydnodic J 

3.  Chromic,  formic,  acetic    .    .    ,    .    . 

4.  Tartaric,  citric,  succinic 


14600—14200 

14000—13800 
13200 


The  bases  also  differ  in  the  amounts  of  heat  which  they  emit 
in  combining  with  the  same  acid,  but  as  only  a  very  few  of  the 
bases  are  soluble  in  water,  their  thermic  powers  cannot  be  com- 
pared in  so  simple  a  manner  as  those  of  the  acids.  Potash,  soda, 
and  baryta  seem  to  be  nearly  isothermic,  whilst  ammonia  is  de- 
cidedly inferior  to  these  bases.  Lime,  magnesia,  and  the  other 
insoluble  oxides,  cannot  be  satisfactorily  compared  with  each 
other,  until  the  amount  of  heat  which  is  absorbed  during  their 
passage  into  the  liquid  form  is  known. 

(212)  Estimate  of  Heat  absorbed  during  Solution  of  Salts. — 
During  the  solution  of  saline  bodies  in  water,  heat  is  generally 
absorbed ;  but  in  a  few  instances  where  anhydrous  salts  are  dis- 
solved, as  in  the  case  of  the  chlorides  of  zinc,  iron,  and  copper, 
an  evolution  of  heat  occurs,  owing  to  the  preliminary  formation 
of  a  solid  hydrate.  The  following  are  experimental  data  fur- 
nished by  Favre  and  Silbermann  upon  this  point : — 


Heat  Absorbed  during  the  Solution  of  Salts. 


Name  of  Salt 


Atomio 
weigbta. 


Heat  unite 

absorbed  br  1 

gramme. 


Heat  absorb* 

ed  by  1  eqt  in 

grammes. 


Sulphate  of  potassium. , 

"  sodium 

**  ammonium  .«•••• 

M  rinc 

"  iron  (ferrous)... 

"  potash-alum..... 

"  ammonia-alum.. 
Acid  sulphate  of  potassium 
Chloride  of  potassium 

"  sodium , 

'*  ammonium...... 

"  calcium 

"  strontium 

"  barium 

Bromide  of  potassium. 

Iodide  of  potassium. 

Nitrate  of  potassium 

"        sodium 

M        ammonium. 

"        calcium 

u        strontium 

"        lead 

"        silver 


87x2 

71x2 

66x2 

80-5x2 

76x2 

2585 

287-5 

186-0 

74-5 

58-5 

58-5 

55*5 

79-2 

104-0 

119 

166 

101 

85 

80 

82 

105-7 
165-6 
170 


85*8 
491 
111 
14-8 
121 
281 
19H) 
25'6 
51-9 
8*9 
651 
15-5 
24-9 
16-9 
87-8 
29-2 
70-5 
45*5 
65*9 
27*1 
41-2 
14*9 
81-1 


6142 
6972 
1465 
2883 
1889 
5991 
4512 
8481 
8866 

520 
8488 

860 
1972 
1757 
4498 
4847 
7121 
8867 
5272 
2222 
4855 
2467 
5287 
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(213)  Heat  evolved  during  the  Solution  of  Gases.— During  the 
solution  of  gaseous  acids  and  bases  in  water,  a  considerable  evo- 
lution of  heat  takes  place,  which  has  been  estimated  by  Favre 
and  Siibermann  in  the  following  instances : — 


Name  of  0*8. 


Formnta. 


Atomic 
weights. 


Heat  units 

froml 
gramme. 


Heat  units 

from  1  eqt  In 

grammes. 


Sulphurous  anhydride. 

Hydrochloric  acid. 

Hydrobromic  add 

Hydriodio  acid. 

Ammonia  ..—.•. .......... 


SO, 
HC1 
HBr 
HI 
H,N 


82x2 
86*5 
81 
128 
17 


120-4 
449-6 
285-6 
1477 
5148 


7705 
16410 
19088 
18906 

8788 


CHAPTER  VI. 


MAGNETISM  AND  BLEOTBICITT. 

nstism. — II.  Static  Electricity. — in.  Dynamic  or  Voltaic 
k — IV '.  Electro-Magnetism. — y.  Magneto-Electri- 
city.— VI.  Thermo-Electricwy. — VII.  Animal  Electricity. 
— VHI.  Diamagnetism. 

(214)  The  forces  of  magnetism  and  electricity  are  now  found 
to  be  so  intimately  related,  that  it  is  hardly  possible  to  study  the 
operations  of  either  separately. 

The  power  of  the  loadstone  to  attract  small  pieces  of  iron  was 
recognised  as  a  remarkable  natural  phenomenon  for  centuries 
before  the  Christian  era ;  and  the '  pointing '  of  the  magnetic 
needle  north  and'  south,  was  early  applied  to  the  purposes  of 
navigation  by  the  Chinese ;  but  it  was  not  employed  for  that 
purpose  by -European  nations  till  the  latter  end  of  the  fifteenth 
century.  The  property  of  temporarily  attracting  light  objects 
which  amber  acquires  when  rubbed,  was  also  familiar  to  the  Gre- 
cian philosophers ;  but  it  was  not  till  about  260  years  ago  that 
Gilbert  laid  the  foundation  of  electrical  science,  and  that  Otto  de 
Guericke  and  Hauksbee  contrived  the  first  electrical  machines. 
Nautical  men,  likewise,  had  often  observed  that  after  a  ship  had 
experienced  a  stroke  of  lightning,  the  compass  was  deranged  or 
its  poles  were  reversed ;  but  it  was  not  until  the  year  1819  that 
the  true  connexion  between  electricity  and  magnetism  was 
pointed  out  by  Oersted,  when  he  published  his  memorable  dis- 
covery, that  a  magnetic  needle  if  suspended  freely  at  its  centre, 
would  place  itself  at  right  angles  to  a  wire  which  was  transmit- 
ting an  electric  current.  After  the  publication  of  Oersted's  dis- 
covery, the  means  of  obtaining  powerful  temporary  magnets  by 
transmitting  electrical  currents  through  wires  coiled  around 
masses  of  soft  iron,  or  in  other  words,  the  methods  of  preparing 
electro-magnets,  were  speedily  devised ;  and  thus  the  dependence 
of  magnetism  on  electricity  in  motion  was  shown ;  whilst  in  1831 
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the  completion  of  this  chain  of  discovery  was  effected  by  Fara- 
day, who  announced  that  a  current  of  electricity  might  be  ob- 
tained in  a  closed  conducting  wire  from  the  magnet,  by  moving 
it  across  the  line  of  the  conductor. 

In  its  chemical  bearings,  particular  importance  attaches  to 
Volta's  invention  of  the  voltaic  pile  or  battery,  which,  in  the 
hands  of  Davy,  led  to  the  discovery  of  the  metallic  bases  of  ihe 
alkalies  and  of  the  earths,  and  effected  a  complete  change  in  the 
aspect  of  chemical  science.  In  later  years,  the  applications  of 
the  voltaic  battery  to  the  chemical  arts  of  gilding,  silvering,  zinc- 
ing, &c,  have  rendered  it  an  instrument  of  great  importance'  in 
the  industrial  arts. 

§1.  M-lONEnBM. 

(215)  It  will  not  be  necessary  to  enter  fully  into  the  subject 
ol  magnetism,  but  a  few  remarks  upon  the  more  important  pecu- 
liarities of  this  force  will  materially  aid  in  fixing  upon  the  mind 
clear  ideas  of  polarity  and  polar  action. 

Electricity  is,  like  magnetism,  a  polar  force,  and  the  pheno- 
mena of  chemical  attraction  also  fall  into  the  class  of  polar  actions. 

The  most  obvious  character  of  magnetism  is  seen  in  the  power 
of  attracting  masses  of  iron,  which  is  displayed  to  a  greater  or 
less  extent  by  magnetized  bodies.  This  power  of  attracting  iron 
was  first  observed  by  the  ancients  in  an  iron  ore  obtained  from 
Magnesia  in  Asia  Minor ;  hence  the  property  was  termed  magnet- 
ism, and  when  in  more  recent  times  its  directive  property  was 
observed,  the  mineral  itself  was  named  the  lead-stone  or  load- 
stone. A  steel  bar  if  rubbed  in  one  direction  with  the  loadstone 
acquires  similar  properties ;  when  poised  horizontally,  as  may 
be  done  by  supporting  it  upon  a  point,  such  4  bar  will  take  up 
a  fixed  position  with  regard  to  the  poles  of  the  earth ;  in  this 
country  it  will  point  nearly  north  and  south.  The  end  of  a 
magnetic  bar  which  points  towards  the  north  is  distinguished  by 
a  mark,  and  is  hence  often  termed  the  marked  end  of  the  mag- 
net.  This  peculiarity  in  the  magnet  of  taking  a  fixed*  direction, 
renders  it  invaluable  to  the  navigator.  A  magnetized  needle 
attached  to  a  card  marked  with  the  cardinal  points,  and  properly 
poised,  constitutes  the  mariner**  compose. 

If  a  sheet  of  paper  be  laid  over  a  magnetized  steel  bar,  and 
iron  filings  be  evenly  sifted  upon  the  paper,  it  will  be  found,  on 
gently  tapping  the  paper,  that  the  particles  of  iron  accumulate  in 
two  groups,  one  around  each  extremity  of  the  bar  as  a  centre, 
and  that  from  these  points  the  filings  arrange  themselves  in 
curved  lines,  somewhat  resembling  those  shown  in  fig.  153,  ex- 
tending from  one  end  of  the  bar  to  the  other.  This  experiment 
shows  that  the  attractive  forces  are  concentrated  near  the  two 
extremities  of  such  a  bar.  A  soft  iron  wire  freely  suspended  at 
its  centre  in  a  horizontal  direction,  will  be  attracted  indifferently 
at  both  ends  by  either  end  of  the  magnetic  bar ;  but  if  a  second 
magnetic  bar  be  poised  in  the  same  way  as  the  iron  wire,  it  will 
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be  found  that  one  end  of  this  bar  will  be  attracted  when  the 
magnet  is  brought  near  it  in  one  direction,  whilst  the  same  end 
will  be  repelled  if  the  opposite  end 
of  the  magnet  be  presented  to  it. 
Further  examination  shows,  that 
this  repulsion  takes  place  when 
the  ends  presented  to  each  other 
are  those  which  would  naturally 
point  in  the  same  direction ;  two 
north  ends  repel  each  other,  and 
similar  repulsion  ensues  when  two 
south  ends  are  presented  to  each 

other ;  whereas,  if  the  extremities  presented  naturally  point  in 
opposite  directions,  attraction  ensues  between  them;  the  north 
end  of  one  bar  attracts  the  south  end  of  the  other.  Thus  it  ap- 
pears that  there  are  two  kinds  of  magnetism  endowed  with  quali- 
ties analogous,  but  opposite,  to  each  other.  The  two  magnetic 
forces  are  always  developed  simultaneously,  are  always  equal  in 
amount,  but  are  opposite  in  their  tendencies ;  and  thus  are  capa- 
ble of  exactly  neutralizing  each  other.  They  accumulate  at 
opposite  ends  of  the  bar.  These  ends  are  termed,  the  poles  of  the 
magnet.  Forces  which  exhibit  these  combinations  of  two  equal 
powers,  which  act  in  opposite  directions,  are  termed  polar  forces. 
(216)  Magnetic  Induction. — Magnetism  acts  through  con- 
siderable intervals  of  non-magnetic  matter  upon  bodies  such  as 
iron,  which  are  susceptible  of  magnetism,  and  it  produces  a  tem- 
porary development  of  magnetism  in  such  magnetizable  substan- 
ces. A  piece  of  soft  iron  brought  near  to  a  magnet  immediately 
assumes  the  magnetic  state.  This  influence  of  the  magnet  oper- 
ating at  a  distance  is  termed  magnetic  induction,  and  it  is  in  con- 
sequence of  this  action  that  the  iron  is  attracted.  If  the  north 
end,  n,  of  a  magnet,  l  (fig.  154),  be  presented  to  a 
iron,  the  latter  becomes  a  magnet  with  its  poles 
similarly  arranged ;  that  is  to  say,  the  soft  iron  ac- 
quires in  the  extremity  8,  presented  to  the  per- 
manent magnet,  magnetism  of  the  opposite  kind 
to  that  of  the  end,  x,  of  the  magnet,  l,  which  it  is 
made  to  approach.  The  soft  iron  will  now  attract 
other  pieces  of  iron,  s  n,  s  n9  and  they  in  turn  will 
act  upon  others  by  a  continuation  of  the  inductive 
force.  On  gradually  removing  the  permanent 
magnet,  the  effects  diminish  as  the  distance  in- 
creases, and  at  length  disappear  altogether.  This 
diminution  in  the  effect  takes  place  much  more 
rapidly  than  in  the  ratio  of  the  squares  of  the  dis- 
tance from  the  magnetic  pole,  but  the  exact  law 
has  not  as  yet  been  ascertained.  The  polar  char- 
acter of  magnetic  induction  may  be  seen  by  sus- 
pending two  pieces  of  soft  iron  wire  over  one  of  the  poles  of  a 
magnet  s,  (fig.  155) ;  the  lower  end  of  the  wires,  n  n,  repel  each 
other,  but  are  both  drawn  towards  the  magnet,  and  the  upper  ex- 
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tremities,  s,  s,  also  repel  each  other.  It  is  this  mutual  repulsion 
of  the  corresponding  ends  of  the  pieces  of  iron  which  causes  the 
iron  filings  (fig,  158)  to  distribute  themselves  in  curves 
Pio.  155.  around  the  magnet ;  for  in  this  experiment  each  parti* 
cle  of  iron  becomes  for  the  time  a  magnet  with  oppo- 
site poles.  It  is  likewise  in  consequence  of  this  polari- 
ty that  a  number  of  pieces  of  fine  iron  wire  under  in* 
auction  form  a  continuous  chain.  A  bar  of  soft  iron 
placed  on  a  magnet  of  equal  dimensions  neutralizes  ite 
action  for  the  time ;  by  connecting  the  two  extremities 
of  the  magnet,  it  diverts  the  induction  from  surround- 
ing bodies,  and  concentrates  it  upon  itself.  On  the 
other  hand,  the  induction  is  much  strengthened  if  the 
magnetic  circle  be  completed,  as  in  fig.  156,  by  uniting 
the  piece  of  iron  suspended  from  either  pole  by  the 
connecting  piece,  a  t>.  This  induction  is  maintained 
across  the  greater  number  of  bodies,  such  as  atmoa- 

Eheric  air,  glass,  wood,  and  the  metals.    It  is,  however,  modified 
y  the  interposition  of  iron,  cobalt,  and  nickel,  which  are  them- 
selves powerfully  susceptible  of  magnetism. 

Magnetic  induction  differs  essentially  from 
Fig.  156.  electric  induction  (228)  in  this  particular — viz., 

that  it  is  not  possible  to  insulate  either  kind 
of  magnetism  from  the  other.  For  instance, 
if  one  end  of  the  two  united  pieces  of  iron, 
8  n,  8  n  (fig.  156),  exhibit  the  properties  of  a 
north  magnetic  pole,  the  other  end  will  exhib- 
it those  oi  a  south  magnetic  pole ;  but  if  the 
two  pieces  of  iron,  whilst  still  under  the  influ- 
ence of  induction,  be  separated  from  each 
other,  and  then  the  magnet  be  withdrawn,  both 
pieces  of  iron  will  have  lost  their  magnetism. 
Again,  if  a  magnet  be  broken  in  the  middle,  it 
wul  not  be  separated  into  one  piece  with  a 
north  and  another  with  a  south  pole;  each 
fragment  will  still  possess  two  poles,  turned 
in  the  6ame  direction  as  those  of  the  original  bar  (fig.  157) ;  and 
each  fragment  may  again  be  subdivided  into  an  indefinite  num- 
ber of  smaller  fragments,  each  of  which  will  still  possess  a  north 
and  a  south  pole. 

These  phenomena  may 
be  explained  by  supposing 
n     s  2v    *kftt  a  magnet  consists  of  * 

3    v  ii     collection  of  particles,  each 

of  which  is  magnetic  and 
endued  with  both  kinds  of  magnetism.  In  the  unmagnetized 
condition  of  the  bar,  these  forces  are  mutually  combined,  and 
exactly  neutralize  each  other ;  but  when  the  mass  becomes  mag- 
netized, the  two  forces  are  separated  from  each  other,  though 
without  quitting  the  particle  with  which  they  were  originafij 
associated.    The  two  halves  of  each  particle  assume  an  opposite 
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magnetic  condition.  All  the  north  poles  are  disposed  in  one 
direction ;  whilst  all  the  south  poles  are  disposed  in  the  opposite 
direction.  Each  particle  thus  acquires  a  polar  condition,  and 
adda  its  inductive  force  to  that  of  all  the  outers ;  as  a  necessary 
consequence  of  such  an  arrangement,  the  opposite  powers  become 
accumulated  at  the  opposite  extremities  of  the  bar.  If  in  fig. 
158  the  small  circles  be  taken  to 
represent  the  ultimate  magnetic 
particles,  the  portions  in  shadow 
would  indicate  the  distribution  of 
south  magnetism,  whilst  the  un- 
shaded half  of  the  particles  would 
show  the  distribution  of  magnetism  of  the  opposite  kind.  This 
hypothesis  is  supported  by  the  fact  that  a  magnet  whilst  produ- 
cing induction  loses  none  of  its  force,  but  on  the  contrary  suffers 
temporary  increase  of  power  owing  to  the  reaction  of  the  induced 
magnetism  of  the  soft  iron  upon  it. 

(217)  Preparation  of  Magneto. — Pure  soft  iron  loses  its  mag- 
netism as  soon  as  it  is  withdrawn  from  the  inductive  influence ; 
but  the  presence  of  certain  foreign  bodies  in  combination  with 
the  iron,  particularly  of  oxygen,  as  in  the  natural  loadstone,  and 
of  carbon,  as  in  steel,  enables  the  body  to  retain  the  magnetic 
power  permanently.  Hardened  steel  is  always  the  material  em- 
ployed in  the  preparation  of  permanent  magnets ;  it  is  not  sus- 
ceptible of  so  intense  a  degree  of  magnetization  as  soft  iron,  but 
when  induction  has  once  been  produced  within  it,  the  effect  is 
retained  for  an,  indefinite  length  of  time.  The  development  of 
this  power  in  steel  is  much  facilitated  by  friction ;  and  the 
amount  of  force  developed  by  this  means  is  greatly  dependent 
upon  the  direction  in  which  the  friction  is  performed.  A  simple 
method  of  magnetizing  a  bar  consists  in  placing  the  bar  on  its 
side  and  bringing  down  upon  one  of  its  extremities  either  of  the 
ends  of  a  bar  magnet.  If  the  north  end  be  brought  down  on  the 
steel  bar,  it  must  be  drawn  slowly  along  towards  that  extremity 
of  the  bar  which  it  is  intended  shall  possess  south  magnetic  force ; 
this  operation  must  be  repeated  three  or  four  times  In  the  same 
direction.  A  more  effectual  plan  is  to  bring  down  upon  the  cen- 
tre of  the  bar  the  two  ends  of  a  powerful 
horseshoe  magnet,  as  represented  in  fig. 
159 ;  the  south  pole  being  directed  towards 
the  end  of  the  bar  that  is  intended  to  pos- 
sess the  northern  polarity,  and  vice  versa. 
It  is  then  moved  along  the  surface  from  the 
centre,  alternately  towards  either  extremity, 
taking  care  not  to  carry  the  horseshoe  lie- 
yond  the  extremities  of  the  bar,  and  to  withdraw  the  horseshoe 
from  the  bar  when  at  its  centre  o.  The  bar  is  then  turned  over 
and  the  process  repeated  on  the  opposite  side,  but  in  the  same 
direction,  for  an  equal  number  of  times.  When  two  bars  are  to 
be  magnetized,  they  may  be  placed  parallel  to  each  other,  the 
extremities  being  connected  by  pieces  of  soft  iron.    Both  the 
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poles  of  the  horseshoe  are  brought  down  upon  the  centre  of  one 
of  the  steel  bars,  and  it  is  carried  round  the  parallelogram  always 
in  the  same  direction,  taking  care,  as  before,  to  withdraw  it  when 
over  the  centre  of  one  of  the  bars.  In  the  last  arrangement,  the 
induction  of  one  bar  acts  upon  and  exalts  the  intensity  of  the 
magnetism  excited  in  the  other.  For  this  reason,  the  opposite 
poles  of  magnets,  when  not  in  use,  should  be  connected  by  pieces 
of  soft  iron,  so  that  the  continued  induction  shall  maintain  the 
force  of  each. 

In  the  act  of  magnetization,  the  horseshoe  loses  nothing  of  its 
power ;  but  the  north  and  south  magnetism,  which  are  supposed 
to  exist  in  every  particle  of  steel  and  iron,  and  which  in  the  un- 
magnetized  condition  are  so  combined  as  exactly  to  neutralize 
each  other,  appear  from  the  effect  of  the  induction  to  which  thev 
have  been  subjected,  to  be  permanently  disturbed  in  their  equili- 
brium in  the  newly-magnetized  bars.  The  more  intense  the 
power  of  the  horseshoe,  the  greater  is  this  disturbance,  and  the 
more  powerful  are  the  magnets  which  are  produced. 

By  uniting  together  several  bar  magnets,  taking  care  that  the 
corresponding  poles  of  each  are  in  the  same  direction,  magnetic 
batierve*  of  great  power  may  be  obtained.  The  magnets  should 
be  all  as  nearly  as  possible  of  the  same  strength ;  because  if  one 
of  the  bars  be  weaker  than  the  others,  it  materially  diminishes 
the  power  of  the  whole,  and  acts  in  the  same  manner  as  a  bar  of 
soft  iron  would  do,  though  to  a  more  limited  extent  As  a  matter 
of  convenience,  the  bar  magnet  is  often  bent  into  the  form  of  a 
horseshoe,  so  that  the  inductive  and  attractive  -power  of  both 
pples  may  be  simultaneously  exerted  on  the  same  piece  of  iron ; 
the  effect  is  in  this  manner  much  increased,  and  tne  weight  sus- 
tained by  the  two  poles  united  is  much  greater  than  the  sum  of 
the  two  weights  which  would  be  supported  by  each  pole  sepa- 
rately. For  this  reason,  the  soft  iron  armatures  n,  s,  of  a  load- 
stone (fig.  154)  add  greatly  to  its  power,  and  by  facilitating  the 
application  of  the  keeper,  or  piece  of  soft  iron  which  connects  the 
two  poles  when  not  in  use,  prevent  the  loss  of  the  magnetic  power. 

(218)  Influence  of  Molecular  Motion*  on  Magnetism. — It  has 
been  mentioned  that  the  friction  of  a  steel  bar,  whilst  under  in- 
duction, facilitates  its  magnetization.  The  same  effect  is  occa- 
sioned dj  percussion  of  the  bar,  or  by  any  other  mode  of  pro- 
ducing vibration  in  it  whilst  it  is  under  magnetic  induction.  On 
the  other  hand,  if  a  bar  has  been  fully  magnetized,  its  force  is 
reduced  by  the  application  of  a  sudden  blow ;  even  the  simple 
act  of  scratching  the  surface  with  sand-paper,  or  with  a  file,  may 
seriously^  impair  the  power  of  a  good  magnet. 

The  influence  of  heat  on  magnetism  is  remarkable.  If  a  steel 
bar  be  ignited  and  placed  under  induction,  and  whilst  still  in  this 
condition  it  be  suddenly  quenched,  it  will  be  found  to  be  power* 
fully  magnetic.  Again,  it  a  steel  magnet  be  ignited,  and  allowed 
to  cool  slowly,  all  its  acquired  magnetism  will  have  disappeared. 
Elevation  of  temperature,  therefore,  evidently  favours  the  trans- 
fer of  magnetic  polarity  within  its  particles.    Further,  if  the  tern- 
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perature  of  a  piece  of  iron  be  raised  to  redness  (about  1000°  F.), 
it  will  become  indifferent  to  the  presence  of  a  magnetic  needle, 
though  on  again  cooling  it  will  be  as  active  as  before.  A  similar 
effect  is  produced  npon  cobalt  at  the  temperature  of  melting 
copper.*    Nickel,  at  a  much  lower  temperature,  loses  its  action 

Son  the  magnet,  as  at  600°  it  exerts  scarcely  any  attractive 
ect  on  the  needle.  So  great  is  the  influence  of  temperature 
upon  a  magnetic  bar,  that  at  the  boiling-point  of  water,  the 
diminution  of  its  power  is  perceptible  by  the  rudest  tests.  If  the 
temperature  do  not  exceed  212°,  the  magnet  regains  its  force  on 
cooling.  On  the  other  hand,  by  cooling  a  magnet  artificially,  its 
power  is  for  the  time  exalted. 

(219)  Measurement  of  Magnetic  Intensity  of  a  Bar. — The 
simplest  method  of  ascertaining  the  intensity  of  the  power  of  a 
magnet,  consists  in  attaching  to  its  armature  a  scale-pan,  and 
ascertaining  the  amount  of  weight  which  it  will  support ;  but  it 
is  obvious  tnat  this  plan  is  not  susceptible  of  any  high  degree  of 
accuracy ;  it  is.  moreover,  in  many  cases,  quite  inapplicable.  A 
still  easier,  and  more  generally  useful,  because  far  more  accurate, 
method,  consists  in  suspending  the  magnet  horizontally  at  its 
centre,  by  means  of  a  few  fibres  of  silk,  and  allowing  it  to  take  a 
fixed  direction  under  the  influence  of  a  standard  magnet ;  it  is 
then  displaced  from  its  position  of  equilibrium,  and  the  number 
of  oscillations  which  it  describes  in  a  given  time  is  counted.  The 
relative  intensity  of  the  power  of  two  or  more  bars,  which  may 
thus  be  compared,  is  proportionate  to  the  square  of  the  number 
of  vibrations  performed  in  equal  intervals  of  time.  For  esti- 
mating low  degrees  of  power,  the  torsion  of  a  glass  thread,  as 
employed  in  Coulomb's  electrometer  (226),  mav  be  used.  The 
mutual  action  of  two  magnets  is  inversely  as  the  square  of  the 
distance  between  them. 

(220)  Magnetism  of  the  Earth— The  Dip.— The  remarkable 
fact  of  tne  pointing  of  the  needle  towards  the  north  pole  of  the 
earth  has  been  explained  upon  the  hypothesis  that  the  globe  of 
the  earth  itself  is  a  magnet, 
the  poles  of  which  are  situated 
nearly  in  the  line  of  the  axis 
of  rotation;  the  magnetism  of 
the  earth's  north  pole  being 
of  tho  same  kind  as  that  of 
the  unmarked  end  of  the  mag- 
net. If  a  small  magnetized 
needle,  s  n,  be  freely  suspend- 
ed horizontally  by  a  thread 
over  the  equator  of  a  sphere 
(fig.  160)  nine  or  ten  inches  in 
diameter,  passing  through  the 
centre  of  which  a  small  magnetic  bar,  k  s,  at  right  angles  to  the 

*  Faraday  has,  however,  shown  that  in  the  ewe  of  cobalt  its  magnetic  power  in- 
creases as  the  temperature  rises  until  it  reaches  about  800°,  beyond  which  it  slowly 
diminishes,  and  at  length  becomes  nearly  evanescent.    (Phil.  Trant.  1866,  179). 
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points  of  suspension  of  the  globe,  is  placed,  the  needle  will,  when 
the  magnetic  bar  is  horizontal,  as  in  No.  1,  assume  a  direction 
parallel  to  the  magnetic  bar,  and  will  point  towards  n  and  s, 
preserving  its  horizontal  position ;  for  it  is  equally  attracted  by 
the  north  and  sonth  polarities  of  the  bar ;  but  if  one  of  the  ends 
of  the  magnetic  bar  be  made  gradually  to  approach  the  needle, 
as  at  2,  that  end  of  the  needle  which  previously  pointed  towards 
this  pole  will  begin  to  incline  downwards,  or  to  dip,  until,  when 
the  end  s  of  the  bar  is  exactly  under  the  point  n  of  the  needle, 
the  direction  of  the  needle  will  become  vertical.  On  bringing 
the  opposite  end  of  the  bar  towards  the  needle,  like  results  may 
be  obtained  >Hth  the  other  end  of  the  needle.  Similar  phenomena 
are  also  exhibited  when  a  magnetic  needle,  poised  horizontally  at 
the  equator  of  the  earth,  is  carried  towards  either  of  its  poles.  A 
needle,  therefore,  which  when  unmagnetized  is  so  poised  as  to 
assume  a  horizontal  position,  in  the  latitude  of  London,  appears 
to  become  heavier  at  its  marked  end  by  the  process  of  magnetizar 
tion.  An  instrument  by  means  of  which  the  angular  amount  of 
this  indication  can  be  accurately  observed,  is  called  a  dipping- 
needle. 

(221)  Declination  or  Variation. — In  each  hemisphere  there  is 
a  single  point  at  which  the  dipping-needle  stands  vertically,  i.e., 
where  the  dip  is  90°.  In  the  northern  hemisphere  this  point  is 
situated  in  about  96°  40'  W.  Ion.  and  70°  14'  JS.  lat. ;  the  point 
where  it  would  be  vertical  in  the  southern  hemisphere  being 
nearly  in  73°  S.  lat.  and  130°  E.  Ion.  The  line  of  no  dip  does 
not  correspond  to  the  earth's  equator ;  it  forms  an  irregular  curve 
inclined  to  it  at  about  12°,  and  crossing  it  in  four  places.  This 
arises  from  the  fact  that  the  magnetic  system  of  the  earth  is  much 
more  complicated  than  is  represented  in  the  foregoing  paragraph. 
Instead  of  being  single,  it  appears  to  be  double,  as  was  first 
pointed  .out  by  Halley,  and  in  neither  of  these  two  systems  does 
the  magnetic  ads  coincide  with  the  axis  of  rotation  of  the  earth. 
Consequently-  in  most  places  the  needle  does  not  point  to  the  true 
geographical  north.  At  the  present  time  the  needle  in  London 
points  rather  more  than  21°  west  of  north.  This  deviation  from 
the  true  north  is  termed  the  variation  or  decimation  of  the 
needle. 

In  the  northern  hemisphere  there  are  four  lines  of  no  decli- 
nation ;  two  of  which  may  be  considered  to  pass  through  the 
point  of  90°  of  dip,  and  two  others  which  do  not  pass  through 
this  point.  These  four  lines  of  no  declination  have  reference  to  a 
double  magnetic  system  of  which  the  two  points  of  maximum 
force  in  the ^Northern  hemisphere  are  resultants ;  and  these  points 
were  called  by  Halley  magnetic  poles.  They  do  not  correspond 
to  either  of  the  points  of  90°  of  cup,  which  have  also  been  called 
magnetic  poles. 

It  is  remarkable  that  the  declination  of  the  magnetic  needle 
is  not  constant  at  the  same  spot.  In  the  year  165y,  the  needle 
pointed  due  north  at  London.  It  then  gradually  assumed  a 
declination  to  the  west,  which-  continued  to  increase  until  about 
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the  year  1840,  at  which  time  the  variation  to  the  west,  in  Lon- 
don, was  nearly  25°  ;  since  this  period  it  has  been  gradually  re- 
turning towards  the  east,  and  in  May,  1863,  it  was  21°  25'  W .  at 
Kew.  The  rate  of  its  motion  differs  in  different  parts  of  its  pro- 
gress, becoming  slower  as  it  approaches  the  point  of  retrogres- 
sion ;  at  present  it  is  about  6'  annually.  Independently  of  tnese 
gradual  and  progressive  changes,  the  variation  is  subject  to 
diurnal  movements  of  very  small  amount ;  north  of  the  magnetic 
equator  in  England  and  the  middle  latitudes  the  north  end  of  the 
needle  moves  slowly  eastward  in  the  forenoon,  attaining  its  maxi- 
mum between  the  hours  of  seven  and  ten  a.m.,  and  returns  to  its 
mean  position  at  about  ten  in  the  evening.  Connected  with  these 
alterations  are  corresponding  variations  in  the  dip,  which  during 
the  last  fifty  years  has  been  observed  in  London  to  diminish  an- 
nually about  2''6.  From  observations  made  at  the  Kew  Obser- 
vatory, the  dip  in  May,  1863,  was  68°  15'. 

(222)  Variation  m  the  Intensity  of  the  Earth's  magnetism. — 
The  intensity  of  the  earth's  magnetism  is  also  found  to  vary  at 
different  points  of  the  surface,  but  the  law  of  its  increase  has  not 
been  clearly  determined ;  the  line  of  minimum  intensity,  or  mag- 
nefrie  equator,  as  it  is  sometimes  called,  is  in  the  vicinity  of  the 
geographical  equator,  but  does  not  coincide  either  with  this  or 
with  the  line  of  no  dip  ;  it  forms  an  irregular  curve  cutting  both 
of  these  lines.  The  points  of  greatest  intensity,  moreover,  do  not 
coincide  with  those  at  which  the  dipping-needle  is  vertical.  The 
highest  degree  of  intensity  that  has  been  actually  measured  is 
2*052,  the  lowest  0*706.*  Both  the  maximum  and  minimum 
here  mentioned  are  in  the  southern  hemisphere.  If  it  be  sup- 
posed that  the  globe  be  divided  by  a  plane  passing  through  the 
meridians  of  100°  and  260°,  the  western  hemisphere,  comprising 
America  and  the  Pacific  Ocean,  presents  a  higher  intensity  than  the 
eastern ;  but  tho  charge  of  the  northern  and  of  the  southern  hem- 
isphere is  equal.  In  the  northern  hemisphere  there  are  two  points 
of  maximum  intensity,  the  most  powerful  being  in  North  Amer- 
ica, and  determined  by  Lefroy,  in  1843-4&,  to  De  situated  in  52° 
19'  N.  lat.  92°  W.  Ion.,  the  intensity  being  1;88.  The  weaker 
maximum  was  found  by  Hansteen  in  1828-29  in  Siberia,  in  120° 
E.  Ion.  with  an  intensity  of  1-76.  Sir  James  Boss,  in  1840-43, 
found  the  principal  maximum  in  the  southern  hemisphere  in 
about  the  meridian  of  134°  E.,  and  a  few  degrees  North  of  the 
Antarctic  circle,  whilst  the  weaker  maximum  in  the  southern 
hemisphere,  according  to  Sabine,  is  about  130°  W.  The  inten- 
sity oi  the  magnetic  force  at  London  is  now  1*372. 

The  intensity  of  the  earth's  magnetism,  like  the  variation  and 
the  dip,  is  found  to  suffer  periodical  changes.  Besides  these 
regular  variations  of  .the  magnetism  of  the  earth,  other  irregular 

*  The  unit  of  intensity  used  in  the  text  is  that  proposed  by  Humboldt,  derived  from 
the  value  of  a  particular  magnet  which  he  employed ;  but  in  the  later  magnetic  ob- 
servations the  unit  of  intensity  employed  has  been  that  recommended  by  the  Royal 
8odety,  vis, :  a  second  of  time,  a  foot  of  space,  and  a  grain  of  mass.  The  magnetic 
intensity  upon  this  scale  at  London  is  at  present  10*31. 
21 
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variations  have  been  observed.  These  have  been  termed  mag- 
netic storms:  they  are  indicated  by  sudden  and  considerable 
disturbances  of  the  magnetic  instruments,  of  short  duration, 
which  are  produced  by  some  widely  acting  causes,  as  these  dis- 
turbances have  been  noticed  simultaneously  at  very  distant  parts 
of  the  earth's  surface.  In  extreme  cases,  the  diminution  of  the 
magnetic  intensity  during  the  *  storms '  has  amounted  to  a  large 
proportion  of  its  total  force.  Sabine  considers  that  these  mag- 
netic storms  are  connected  with  changes  in  the  solar  atmosphere, 
which  are  indicated  by  variations  in  the  number  and  form  of  the 
spots  upon  the  sun's  disk ;  their  epochs  of  maximum  recurring  at 
decennial  intervals,  with  epochs  of  minimum  intensity  occurring 
midway  between  each  maximum.  These  intervals  coincide  with 
the  decennial  epochs  of  maximum  and  minimum  of  the  solar 
spots  observed  by  Schwabe.* 

Since,  then,  the  earth  may  be  looked  upon  as  an  immense 
magnet  of  small  intensity,  it  is  natural  to  expect  that,  under 
favourable  circumstances,  magnetic  induction  should  arise  from 
its  influence.  Such  effects  are  indeed  continually  observed.  If 
a  soft  iron  bar  be  placed  in  the  line  of  the  dip,  it  acquires  tem- 
porary magnetic  properties,  the  lower  extremity  acting  as  the 
marked  pole  of  a  magnet  upon  a  magnetized  needle,  while  the 
upper  extremity  acts  as  the  unmarked  pole.  By  reversing  the 
position  of  the  bar,  the  end  which  is  now  the  lower  will  still 
possess  the  magnetism  of  the  marked  pole.  A  bar  of  steel,  such 
as  the  poker  or  tongs,  which  is  kept  in  a  vertical  position  (a  line 
in  this  latitude  not  tar  removed  from  that  of  the  'dip),  is  from 
this  cause  frequently  found  to  be  permanently,  though  weakly, 
magnetic.  It  is  to  the  same  cause  operating  through  the  lapse 
of  ages,  in  the  same  direction,  upon  the  loadstone,  that  its  polar- 
ity is  to  be  ascribed. 

If  a  steel  bar  be  made  to  vibrate  while  placed  in  the  line  of  . 
the  dip,  as  by  giving  it  a  smart  blow,  it  is  magnetized  still  more 
powerfully,  and  this  effect  may  be  still  further  increased  by  the 
mductive  influence  of  other  masses  of  iron  placed  in  contact  with 
it.  Thus  by  allowing  a  steel  bar,  supported  in  the  line  of  the 
dip,  to  rest  upon  an  anvil,  and  striking  it  strongly  with  a  ham- 
mer, it  becomes  decidedly  magnetized.  All  permanent  magnet- 
ism may,  however,  again  be  removed  from  it  by  placing  it  across 
the  line  of  dip,  and  striking  it  two  or  three  blows  as  before. 

Iron,  nictel,  and  cobalt  are  the  only  substances  which  are 
powerfully  magnetizable ;  but  a  susceptibility  to  magnetism  in  a 
much  feebler  degree  has,  by  the  researches  of  Faraday  and 
others  (323),  been  proved  to  exist  in  a  variety  of  other  bodies. 
Before  describing  the  method  in  which  these  experiments  were 

*  A  singular  corroboration  of  this  theory  is  afforded  by  an  observation  of  Mr.  Car- 
rington,  who  was  watching  a  large  spot  on  the  sun  on  1st  September,  1859 :  suddenly, 
at  11 h  •  20'  a*h.,  a  bright  spot  was  seen  in  the  middle  of  the  dark  one ;  this  appearance 
lasted  for  about  ten  minutes,  and  a  corresponding  disturbance  in  time  and  duration  was 
indicated  by  the  self-registering  magnetometers  at  Kew. 
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conducted,  it  will  be  necessary  to  examine  the  leading  phenome- 
na of  electricity ;  and  these  will  now  be  considered. 

§  II.  Static  Electricity. 

(228)  The  force  of  electricity  is  one  of  those  subtle  and  all- 
pervading  influences  which  are  intimately  connected  with  the 
operations  of  chemical  attraction.  Indeed  some  of  our  most 
eminent  philosophers  have  been  disposed  to  regard  electricity  and 
chemical  attraction  in  the  light  of  different  manifestations  of  the 
same  agent. 

For  upwards  of  2000  years  it  has  been  known  that  when  am- 
ber is  rubbed  upon  bodies  such  as  fur,  or  wool,  or  silk,,  it  ac- 
quires for  a  short  time  the  property  first  of  attracting  light  ob- 
jects, such  as  fragments  of  paper  or  particles  of  bran,  ana  after- 
wards of  repelling  them.  Until  about  260  years  ago,  amber  was 
the  only  known  substance  by  which  such  effects  were  produced. 
About  that  time  Gilbert  discovered  that  a  number  of  other 
bodies,  such  as  glass,  sealing-wax,  and  sulphur,  might  be  made 
to  excite  similar  motions.  The  power  thus  called  into  action 
has  been  called  electricity,  from  tfketcrpov  (amber),  the  body  in 
which  it  was  first  observed.  Independently  of  its  origin  in  fric- 
tion, it  has  been  found  that  electricity  is  liberated  by  chemical 
action,  by  certain  vital  operations,  by  heat,  by  magnetism,  by 
compression,  and  in  fact  by  almost  every  motion  that  occurs 
upon  the  fpce  of  the  globe.  Electricity  neither  increases  nor 
diminishes  the  weight  of  bodies  under  its  influence,  and  neither 
enlarges  nor  reduces  their  bulk.  It  may  be*  excited  in  all  sub- 
stances, may  be  communicated  from  one  electrified  or  excited 
body  to  another  previously  in  a  neutral  or  unelectrified  condi- 
tion, and  it  may  be  stored  up  for  the  purposes  of  experiment. 

(224)  Two  hinds  of  Electricity.— 
A  very  simple  contrivance  will  suf-  Fio.  iei. 

fice  for  examining  the  fundamental 
phenomena  of  electricity  as  devel- 
oped by  friction : — 

Soften  a  little  sealing-wax  in  the 
flame  of  a  candle,  and  draw  it  out 
into  a  thread  8  or  10  inches  long, 
and  of  the  thickness  of.  a  stout  knit- 
ting pin.  Attach  to  one  end  of  it  a 
disk  of  paper  about  an  inch  square, 
aa  represented  in  fiff..  161 ;  suspend 
this  rod  and  disk  by  means  of  a 
paper  stirrup  and  a  few  fibres  of  un- 
spun  silk  from  a  glass  rod  fixed 
horizontally  to  some  convenient  sup- 
port Now  rub  a  stick  of  sealing- 
wax  with  a  bit  of  dry  flannel,  and " 
bring  it  near  the  paper  disk :  the  disk  will  at  first  be  strongly 
attracted,  and  will  then  be  as  strongly  driven  away.    Whilst  it  is 
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in  this  condition  of  repulflion  by  the  wax,  bring  towards  it  a 
warm  glass  tube  that  has  been  rubbed  with  a  dry  silk  handker- 
chief ;  the  disk  will  be  immediately  attracted,  and  in  an  instant 
afterwards  it  will  again  be  repelled,  but  it  will  now  be  found  to 
be  attracted  by  the  wax.  It  is  therefore  evident,  that  by  the  fric- 
tion of  the  glass  and  of  the  wax,  two  similar  but  opposite  powers 
are  developed.  A  body  which  has  been  electrified  or  charged 
with  electricity  from  the  wax  is  repelled  by  the  wax ;  but  it  is 
attracted  by  the  excited  glass,  and  vice  versa.  In  order  to  dis- 
tinguish these  two  opposite  powers  from  each  other,  that  power 
which  is  obtained  from  the  glass  has  been  termed  vitreous  or 
positive  electricity :  that  from  the  wax  resinous  ot  negative  elec- 
tricity. 

Let  us  suppose  that  the  paper  disk  has  been  charged  by 
means  of  the  glass  tube,  so  that  it  is  repelled  on  attempting  to 
bring  the  glass  near  it ;  this  state  will  be  retained  by  tne  disk 
for  many  minutes.  This  contrivance  forms,  in  fact,  an  electro- 
scope, for  it  furnishes  a  means  of  ascertaining  whether  a  body  be 
electrified  or  not,  and  even  of  indicating  the  kind  of  electricity. 
Suppose  that  a  body  suspected  to  be  electrified  is  brought  near 
the  aisk,  which  is  in  a  state  repulsive  of  the  glass  tube ;  if  repul- 
sion occur  between  the  disk  and  the  body  which  is  being  tested 
for  electricity,  it  is  at  once  obvious  that  the  substance  is  electri- 
fied; and  moreover,  that  it  is  vitreously  electrified,  since  it 
produces  an  effect  similar  to  that  which  would  be  exhibited  by 
an  excited  glass  tube. 

The  phenomena  of  attraction  and  repulsion  may 
^Pio.  162.  be  further  exemplified  by  the  following  experiments : 
*^  — Suspend  two  straws,  separately,  by  a  fibre  of  silk, 

each  to  a  glass  rod  (fig.  162) ;  bring  an  excited  stick 
of  sealing-wax  towards  each ;  each  will  be  first  attract- 
ed and  then  repelled;  whilst  thus  repulsive  to  the 
wax,  bring  the  one  near  to  the  other ;  they  will  re- 
cede from  each  other  as  they  did  from  the  wax.  If 
both  straws  be  excited  by  glass,  they  will  in  like  man- 
ner repel  each  other ;  but  if  one  be  excited  by  the 
glass  and  the  other  by  the  wax  they  will  attract  each 
other.  Hence  we  learn,  that  bodies  similarly  electri- 
fied repel,  those  differently  electrified  attract  each  other. 
Proceeding  a  step  further,  it  win  be  found  that  whenever  two 
bodies  are  rubbed  together,  both  kinds  of  electricity  are  liber- 
ated, but  so  long  as  the  two  bodies  remain  in  contact,  no  sign  of 
the  presence  of  either  electricity  appears  >  on  separating  them, 
both  are  found  to  be  electrified — tne  one  vitreously,  the  other 
resinously :  for  example,  stretch  a  piece  of  dry  silk  over  a  brass 
plate,  and  rub  it  upon  a  glass  plate ;  so  long  as  the  two  bodies 
are  in  contact,  the  quantities  of  each  land  of  electricity  set  free 
are  precisely  sufficient  to  neutralize  each  other,  and  the  combined 
plates  will  not  affect  the  electroscope,  but  as  soon  as  the  glass 
plate  and  the  silk  are  separated,  the  glass  will  repel  the  disk  (fig. 
161),  while  the  silk  will  attract  it. 
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(225)  Insulators  and  Conductors. — Bodies  that  have  been 
thus  electrically  excited,  return  to  their  neutral  condition  when 
touched  by  other  substances,  but  with  degrees  of  rapidity  depend' 
ing  on  the  kind  of  body  which  touches  them.  A  rod  of  sealing- 
wax  or  of  shell-lac,  for  example,  may  be  held  in  contact  with  any 
electrified  body  without  sensibly  lessening  the  charge ;  but  the 
momentary  touch  of  a  metallic  wire,  or  of  the  hand,  is  sufficient 
to  remove  all  indications  of  electric  excitement :  it  is  therefore 
clear  that  there  are  some  bodies  which,  like  the  wire  or  the  hand, 
readily  allow  the  passage  of  electricity,  and  these  are  termed  con- 
ductors :  whilst  there  are  others  wnich,  like^  shell-lac,  do  not 
easily  allow  its  passage,  and  these  are  called  insulators.  There 
is,  however,  no  absolute  line  of  distinction  between  these  two 
classes  of  bodies ;  there  is  no  such  thing  as  either  perfect  insula- 
tion, or  perfect  conduction,  for  the  two  classes  of  bodies  pass 
gradually  one  into  the  other. 

In  the  following  table  each  substance  enumerated  is  superior 
in  insulating  power  to  all  those  which  follow  it.  The  nearer  the 
substance  is  to  the  bottom  of  the  table,  the  better,  on  the  con- 
trary, is  its  conducting  power : — 


Insulators. 
Dry  gases  and  Dry  Steam. 
Shell-Lac. 
Sulphur. 
Amber. 
Eesins. 

Gutta  Percha  and  Caoutchouc. 
Diamond,  and  some  other  pre- 
cious stones. 
Silk. 

Dry  Fur. 
Glass. 
I$e. 


Spermaceti. 

Turpentine  and  Volatile  Oils. 

Fixed  Oils. 

String  and  Vegetable  Fibres. 

Moist  Animal  Substances. 

"Water. 

Saline  Solutions. 

Flame. 

Melted  Salts. 

Plumbago. 

Charcoal. 

All  the  Metals. 

Conductors* 


Any  object  is  spoken  of  as  being  electrically  insulated  when 
it  is  supported  by  means  of  some  badly  conducting  substance 
which  prevents  the  free  escape  of  the  electricity.  The  presence 
of  moisture  deposited  from  the  air  upon  the  surface  even  of  the 
best  insulator  converts  it  for  the  time  into  a  conductor,  and  is  one 
of  the  most  annoying  impediments  to  the  success  of  electrical 
experiments,  as  the  power  is  carried  off  as  fast  as  it  is  accumu- 
lated. Glass  is  especially  liable  to  this  inconvenience,  but  by 
varnishing  it  when  practicable,  and  keeping  it  thoroughly  warm, 
the  difficulty  is  diminished.  By  due  precautions,  instruments 
may  be  constructed  which,  in  dry  air,  will  preserve  a  charge  for 
several  hours. 

The  most  perfect  insulators  still  allow  electric  power  to  tra- 
verse them,  although  by  a  process  different  from  conduction,  and 
hence  they  are  termed  Dielectrics  (230).  Thus,  if  one  side  of  a 
plate  of  glass  be  electrified  by  rubbing  it  with  a  piece  of  silk,  the 
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Fig.  168. 


opposite  face  also  acquires  the  power  of  attracting  particles  of 
bran  or  other  light  objects. 

(226)  Electroscopes. — Various  instruments  have  been  devised 
for  detecting  feeble  charges  of  electricity.  One  of  the  most  con- 
venient of  these  is  the  gold-Zeaf  electroscope 
(fig.  163),  which  is  sensible  to  extremely  small 
charges.  It  consists  of  a  pair  of  gold  leaves 
suspended  from  the  lower  extremity  of  a  me- 
tallic wire  which  terminates  above  in  a  brass 
plate.  The  wire  is  insulated  by  passing  it 
through  a  varnished  glass  tube  packed  with 
silk,  and  the  whole  is  surrounded  and  support- 
ed by  a  glass  case.  The  approach  of  an  ex- 
cited body  instantly  causes  the  divergence  of 
the  leaves.  If  a  glass  tube  be  rubbed  with  a 
dry  handkerchief  and  touched  with  a  small 
disk  of  paper  insulated  by  attaching  it  to  a  rod 
of  sealing-wax,  as  directed  in  preparing  the 
electroscope  (fig.  161),  a  small  vitreous  charge  will  be  received 
by  the  paper,  and  if  carried  by  it  to  the  cap  of  the  electroscope, 
the  leaves  mil  diverge  permanentlv  with  vitreous  electricity. 
The  approach  of  the  glass  rod  would  cause  the  leaves  to  diverge 
further,  whilst  that  of  a  stick  of  excited  wax  would  cause  them 
to  collapse.  • 

An  instrument  (fig.  164)  called  a  torsion 
electrometer  was  devised  by  Coulomb  for 
accurately  measuring  minute  differences  in 
the  amount  of  electrical  force.  The  force 
which  he  opposed  to  that  of  electricity  was 
the  resistance  to  twisting  which  is  offered 
by  an  elastic  thread.  A  fibre  of  silk,  a 
fine  silver  wire,  or  a  thread  of  glass;  has 
been  used  for  the  purpose  of  measuring  the 
angle  of  torsion,  this  angle  in  perfectly 
elastic  bodies  being  exactly  proportioned  to 
the  force  applied. 

By  means  of  a  long  glass  thread  fastened 
above  to  a  pin,  p  (carrying  an  index  which 
traverses  the  graduated  plate  b),  a  needle 
of  shell-lac  is  suspended  freely  in  the  glass 
case  a.  This  needle  is  terminated  at  one 
end  by  a  gilt  ball  ft,  at  the  other  by  a  paper 
disk  which  serves  to  check  its  oscillations. 
In  the  glass  cover  of  the  instrument  is  a  small  aperture  through 
which  another  gilt  ball,  a  (the  carrier),  also  suspended  by  shell- 
lac,  can  be  introduced  and  withdrawn.  In  order  to  equalize  the 
induction,  two  narrow  strips  of  tinfoil,  c  and  dy  connected  with 
the  earth,  and  having  a  narrow  interval  between  them,  are  pasted 
upon  the  inside  of  the  glass  cylinder,  one  a  little  above  and  the 
other  a  little  below  the  level  of  the  balls ;  a  graduated  circle  is 
pasted  on  the  glass  for  reading  off  the  angular  deviation  of  the 
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needle.  When  the  instrument  is  to  be  used,  the  carrier-ball  is 
adjusted  so  that  after  it  has  been  removed  it  can  with  certainty 
be  replaced  in  the  same  position  as  at  first ;  the  ball  upon  the 
needle  is  adjusted  by  turning  the  pin  until,  without  any  twist 
upon  the  thread,  it  shall  just  touch  the  carrier,  its  centre  being 
at  the  zero  of  the  scale,  and  the  position  of  the  index  on  the 
upper  graduated  plate,  b,  is  noted.  The  carrier-ball,  a,  is  next 
made  to  touch  the  object  the  electricity  of  which  is  to  be 
measured :  it  takes  off  a  auantity  proportioned  to  the  amount 
accumulated  on  the  spot.  The  ball  a  is  immediately  replaced  in 
the  instrument;  it  divides  its  charge  with  the  ball  o  on  the 
needle,  and  repulsion  ensues.  The  tnread  which  supports  the 
needle  is  then  twisted  until  the  centre  of  the  ball  o  is,  by  the 
force  of  torsion,  brought  back  towards  the  carrier,  a,  to  some 
determinate  angle  (say  30°)  marked  on  the  graduation  of  the 

flass  case ;  suppose  the  number  of  degrees  through  which  it  has 
een  necessary  to  twist  the  thread  to  be  160° ;  160° +30°,  or  190°, 
will  represent  the  repulsive  force.  To  compare  this  amount  with 
any  other  quantity,  the  balls  must  be  discharged,  and  the  ex- 
periment repeated  under  the  new  conditions,  noting  the  number 
of  decrees  of  torsion  required  to  make  the  needle  stand  at  30° 
as  before :  the  amount  of  the  force  is  directly  proportionate  to 
the  torsion  angle  in  the  two  cases.  Suppose  in  a  second  experi- 
ment that  the  thread  sustain  a  twist  of  180°  before  the  ball  b  is 
brought  back  to  the  angle  of  30°  ;  the  force  will  now  be  180°+ 
30°,  or  210°,  and  the  relative  electrical  repulsions  in  the  two  ex- 
periments will  be  as  190 :  210. 

Another  very  convenient  elec- 
trometer was  devised  by  Peltier, 
in  which  the  directive  force  ex- 
erted by  the  earth  upon  a  small 
magnet  is  substituted  for  the  tor- 
sion of  a  wire.  Fig.  165  repre- 
sents Peltier's  electroscope :  a  b 
is  a  metallic  wire  terminating 
above  in  a  brass  knob,  and  ce- 
mented by  means  of  shell-lac  in- 
to an  insulating  foot  of  ebonite, 
o.  At  }  is  a  brass  ring,  from 
which  proceed  two  brass  arms, 
dy  d.  In  the  ring  is  supported  a 
light  metallic  needle,  *,  which 
moves  freely  upon  a  pin  like  a 
compass-needle.  This  metallic 
needle  carries  a  small  magnetized 
steel  wire,  m.  In  order  to  use  the 
instrument,  it  is  placed  so  that 
the  needle,  e,  when  the  steel  wire, 
i»,  is  exactly  in  the  magnetic 
meridian,  is  just  made  to  touch 
the  arms,  d}  d.    On  communicating  a  charge  of  electricity  to  the 
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ball  a,  it  spreads  over  the  insulated  wire  and  needle  e ;  the 
needle  is  immediately  repelled  by  the  fixed  arms  d,  d,  and  the 
amount  of  its  angular  deviation  gives  the  means  of  estimating 
the  force,  which,  nowever,  is  not  directly  proportionate  to  the 
number  of  degrees  which  represent  the  angle  of  deviation.  These 
values  must  be  ascertained  by  direct  experiment. 

It  was  long  imagined  that  non-conductors  only  were  capable 
of  excitement  by  friction,  and  hence  they  were  termed  electrics  ; 
all  bodies,  however,  exhibit  this  phenomenon,  if  proper  care  be 
taken  to  insulate  them.  If,  for  example,  a  piece  of  brass  tube 
insulated  by  a  glass  handle  be  rubbed  upon  far,  it  receives  a 
charge,  as  may  be  shown  by  bringing  it  near  the  disk  of  the 
electroscope  (ng.  161).  Even  two  dissimilar  metals,  after  being 
brought  into  contact  with  each  other,  may,  with  proper  precau- 
tions, be  made  to  show  signs  of  electric  excitement  on  being 
separated  (257).  The  friction  of  glass  against  metal  spread  over 
mk  is  attended  by  a  more  powerful  development  of  electricity 
than  when  silk  alone  is  used;  and  an  amalgam  consisting  of  1 
part  of  tin,  2  of  zinc,  and  6  of  mercury,  rubbed  to  fine  powder 
and  mixed  with  a  little  lard,  is  found  to  be  highly  effectual  in 
exalting  the  force  which  is  developed.  The  same  substance, 
however,  does  not  always  manifest  the  same  electrical  condition 
when  rubbed :  glass  when  rubbed  upon  silk  becomes  vitreoualy 
excited ;  but  if  rubbed  on  the  fur  of  a  cat  it  exhibits  resinous 
electricity.  The  amount  of  friction  necessary  to  produce  electric 
excitement  is  exceedingly  small ;  the  mere  drawing  of  a  handker- 
chief across  the  top  of  the  electroscope  (fig.  163),  or  even  across 
the  clothes  of  a  person  insulated  by  standing  on  a  cake  of  resin, 
or  on  a  stool  with  glass  legs,  provided  he  touch  the  cap  of  the 
instrument,  is  sufficient  to  cause  divergence  of  the  leaves.  The 
simple  act  of  drawing  off  silk  stockings,  or  a  flannel  waistcoat,  or 
the  combing  of  the  nair  in  frosty  weather,  frequently  occasions 
the  snapping  and  crackling  noise  due  to  the  electric  spark ;  and 
the  stroking  of  the  fur  of  a  cat  at  such  a  season  is  known  to  pro- 
duce similar  effects. 

(227)  Electrical  Hypotheses. — These  various  phenomena  have 
been  accounted  for  by  two  principal  hypotheses. 

One  of  these,  commonly  known  as  the  '  theory  of  one  fluid,' 
is  due  to  Franklin.  Electricity,  upon  this  view,  is  supposed  to 
be  a  subtle  imponderable  fluid,  of  which  all  bodies  possess  a 
definite  share  in  their  natural  or  une?cited  state.  By  friction,  or 
otherwise,  this  normal  state  is  disturbed.  If  the  body  rubbed 
receive  more  than  its  due  share,  it  acquires  vitreous  electricity, 
or,  in  the  terms  of  Franklin,  becomes  electrified  positively,  or  +  ; 
whilst  at  the  same  time  the  quantity  of  electricity  in  the  rubber 
which  becomes  resinously  charged  is  supposed  to  be  diminished, 
and  thus  the  rubber  acquires  a  negative  or— state.  Franklin 
supposed  the  particles  of  the  electric  fluid  to  be  highly  self- 
repulsive,  and  to  be  powerfully  attractive  of  the  particles  of 
matter. 

The  other  hypothesis,  the  '  theory  of  two  fluids,'  was  origi- 
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nally  proposed  by  Dufay.  According  to  this  view  there  are  two 
electric  fluids,  the  vitreous  and  the  resinous,  equal  in  amount  but 
opposite  in  tendency ;  when  associated  together  in  equal  quanti- 
ty they  neutralize  each  other  perfectly :  a  portion  of  this  com 
pound  fluid  pervades  all  substances  in  their  unexcited  state.  By 
friction  the  compound  fluid  is  decomposed ;  the  rubber  acquires 
an  excess  of  one  fluid,  say  the  resinous,  and  thus  becomes  resin- 
ously  excited;  the  body  rubbed  takes  up  the  corresponding 
excess  of  vitreous  electricity,  and  becomes  excited  vitreously 
to  an  equal  extent.  Upon  this  view  the  particles  of  each  fluid 
are  self-repulsive,  but  powerfully  attract  those  of  the  opposite 
kiiid. 

The  language  of  either  theory  may  be  employed  in  order  to 
distinguish  the  two  kinds  of  electricity :  the  term  vitreous  or 
positive  may  be  used  indifferently  for  one  kind,  and  resinous  or 
negative  for  the  other  kind,  provided  it  be  borne  in  mind  that 
positive  and  negative  are  mere  distinguishing  terms:  negative 
electricity  being  as  real  a  force  as  the  positive. 

It  is  manifest  that  one  or  other  or  these  hypotheses  must  be 
false,  yet  either  will  serve  to  connect  the  facts  together.  The 
supposition  of  an  electric  fluid  is,  notwithstanding,  gradually 
being  abandoned.  The  supposition  of  a  gravitative  fluid  might, 
with  nearly  as  much  propriety,  be  insisted  on  to  explain  the 
phenomena  of  gravitation,  or  a  cohesive  fluid  to  account  for 
those  of  cohesion. 

Electricity  is  now  regarded  as  a  compound  force,  remarkable 
for  the  peculiar  form  of  action  and  reaction  which  it  exhibits. 
This  kind  of  action  and  reaction  follows  the  same  law  of  equality 
and  opposition  in  its  manifestations  as  that  which  is  Exhibited 
more  obviously  in  the  phenomena  of  mechanics.  Whenever 
vitreous  electricity  is  manifested  at  one  point,  a  corresponding 
amount  of  resinous  electricity  is  invariably  developed  in  its 
vicinity,  reacting  against  it,  and  thus  enabling  its  presence  to  be 
recognised,  although  this  reacting  force  may  not  be  immediately 
perceptible. 

The  phenomena  of  vitreous  and  resinous 
electricity  may  be  rudely  but  not  inaptly 
illustrated  by  those  of  elasticity  exhibited 
by  an  ordinary  spring,  as  shown  at  s,  fig. 
166.  The  spring  in  its  unstretched  state 
may  represent  the  body  in  its  unelectrified 
condition ;  it  then  displays  nothing  of  the 
peculiar  power  that  it  possesses.  The 
spring  cannot  be  stretched  from  one  ex- 
tremity only ;  but  if  fixed  at  one  end,  as 
by  hooking  it  to  the  pin,  p,  a  weight,  w, 
may  be  applied  to  the  other  end,  and  it 
will  seem  to  be  stretched  by  one  force  only. 
In  reality,  however,  it  is  not  so ;  for  by 
substituting  at  v  a  weight  equal  in  amount 
to  that  at  w,  instead  of  the  fixed  point  p,  the  strain  upon  the 
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spring  remains  unaltered,  but  a  reaction,  equal  in  amount  to  the 
original  action  of  the  weight  w,  is  instantly  rendered  evident. 

So  it  is  with  electricity ;  cases  not  unfrequently  occur  where 
one  kind  only  of  electricity  seems  to  be  present,  but  a  careful 
examination  will  always  detect  an  equal  amount  of  the  opposite 
kind.  This  essential  character  of  action  and  reaction  in  the 
electrical  force  will  be  more  clearly  manifested  in  the  following 
remarks  and  experiments. 

(228)  Electrical  Induction. — In  the  preceding  cases  the 
eleptri6ity  has  been  excited  by  friction  and  communicated  to 
other  bodies  by  contact.  An  insulated  charged  body,  however, 
exerts  a  remarkable  action  upon  other  bodies  in  its  neighbour- 
hood. Long  before  contact  occurs,  the  mere  approach  of  an  ex- 
cited glass  tube  towards  the  electroscope  causes  divergence  of 
the  leaves,  and  on  removing  the  glass  tube,  if  it  have  not  been 
allowed  to  touch  the  cap  of  the  instrument,  all  signs  of  disturb- 
ance cease. 

The  following  mode  of  performing  the  experiment  will  afford 
a  means  of  examining  this  action  of  an  electrified  substance  upon 
objects  at  a  distance : — 

Place  two  cylinders  of  wood,  or  of  metal,  each  supported  on  a 

varnished  stem  of  glass,  so  as  to 
Fig.  167.  touch  each  other  end  to  end  (fig. 

( __,__—_  167, 1) ;  from  the  outer  extrem- 

fr4"  "m — z^-  "*j|  ~A  ity  of  each  suspend  a  couple  of 
*•        "  pith  balls  by  a  cotton  thread,  and 

* _, . — =$\      bring  the  excited  glass  tube  near 

V**  T  "*"Jv*'  "  Jt  =*  v\  one  en<*  °*  ^e  wrangement  as 
«•       ,r  "      rfk\      shown  at  2.    Electric  disturbance 

j will  be  shown  by  the  repulsion  of 

C+  —  +0  C-  '+  -  ±  "|  both  pairs  of  balls.  Separate  the 
/\       H  II       A      two  cylinders  without  touching 

the  conducting  portion,  and  then 
remove  the  glass  tube ;  the  balls  will  still  continue  to  diverge  (3). 
But  let  the  glass  be  again  brought  near ;  the  balls  on  the  cylin- 
der originally  nearest  the  glass  will  collapse,  showing  this  cylin- 
der to  be  negatively  excited,  while  the  same  excited  glass  will 
cause  the  balls  on  the  further  cylinder  to  diverge  from  the 
presence  of  positive  electricity.  Again,  remove  the  glass  alto- 
gether, and  bring  the  two  cylinders  into  contact ;  a  spark  may 
generally  be  seen  to  pass  between  them,  and  both  pairs  of  balls 
will  immediately  collapse  and  continue  at  rest.  The  entire 
amount  of  force  existing  upon  the  two  cylinders  taken  together 
remains  the  same  throughout  the  whole  period  of  the  experiment, 
but  its  distribution  is  altered,  as  is  shown  by  the  position  of  the 
signs  +  and  — .  The  experiment  may  be  explained  in  the  fol- 
lowing manner : — Suppose  the  two  cylinders  to  be  in  the  neutral 
state  (N" o.  1) ;  on  bringing  the  excited  glass  tube  near  to  them, 
a  portion  of  the  negative  electricity  appears  to  be  drawn  towards 
the  end  of  the  cylinder  nearest  to  the  glass,  as  in  No.  2,  whilst 
the  corresponding  quantity  of  disengaged  positive  electricity 
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causes  the  balls  on  both  cylinders  to  diverge :  the  moment  the 

flass  is  removed,  the  negative  electricity  redistributes  itself  as  in 
fo.  1,  and  the  balls  collapse ;  but  if  the  two  cylinders  be  sepa- 
rated before  the  glass  is  removed,  and  if  the  excited  glass  be 
then  withdrawn,*  the  results  will  be  such  as  are  represented  in 
No.  3,  in  which  the  negative  electricity  on  one  of  the  cylinders 
is  more  than  sufficient  to  neutralize  the  positive,  and  hence  the 
balls  diverge  negatively;  while  on  the  other  it  is  less  than 
sufficient  for  the  positive,  consequently  the  balls  diverge  with 
positive  electricity.  On  causing  the  two  cylinders  to  approach 
each  other  when  in  this  state,  the  two  forces  will  neutralize  each 
other,  and  if  of  sufficient  power,  the  reunion  will  be  attended 
with  a  slight  spark. 

This  action  at  a  distance  of  one  electrified  body  upon  others 
in  itd  neighbourhood  is  termed  electrical  induction.  It  is  a  prin- 
ciple of  very  extensive  application,  and  indeed  it  furnishes  a  key 
to  the  explanation  of  the  greater  number  of  electrical  phenomena. 
An  instance  of  electrical  induction  is  afforded  in  tie  action  of 
the  gold  leaf  electroscope.    Let  1  (fig.  168)  represent  the  instru- 

Fio.  168. 


ment  in  a  neutral  state.  As  soon  as  an  excited  glass  tube,  a,  is 
caused  to  approach  the  cap  of  the  electroscope,  the  leaves  will 
diverge,  as  at  2.  Whilst  the  glass  tube  is  still  near  the  instru- 
ment, let  the  cap  of  the  electroscope  be  touched  with  the  hand, 
so  as  to  uninsulate  it  for  a  moment,  as  at  3,  by  placing  it  in  com- 
munication with  the  earth  through  the  body,  which  acts  the  part 
of  a  conductor ;  the  leaves  will  collapse,  and  the  instrument  will 
seem  to  be  quiescent ;  now  remove  the  finger  from  the  cap,  and 
then  take  away  the  glass  tube,  o ;  instantly  the  leaves  diverge, 
and  the  electroscope  is  permanently  charged,  in  consequence  of 
a  change  in  the  distribution  of  the  electricity,  as  represented  at  4. 
Its  charge,  however,  is  not  positive  like  that  of  the  glass,  but 
negative ;  for,  if  the  glass  be  again  brought  near,  the  leaves  will 
collapse,  while  a  stick  of  excited  wax  will  make  them  open  out 
further.  These  effects  arise  from  electrical  induction,  and  the 
process  which  takes  place  is  believed  to  be  the  following.    The 

*  If  the  glass  tube  be  withdrawn  gradually  to  a  certain  distance,  the  balls  upon  the 
cylinder  nearest  the  tube  will  gradually  collapse,  in  proportion  as  the  inductive  power 
is  weakened  by  distance ;  a  portion  of  the  negative  electricity  being  liberated  in  quan- 
tity sufficient  to  neutralize  the  free  positive  chaise,  and,  on  completely  withdrawing 
the  excited  tube,  the  excess  of  negative  electricity  is  set  free,  and  the  bolls  now  diverge 
negatively. 
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approach  of  the  tube  in  the  first  instance  causes  the  negative 
electricity  to  accumulate  in  the  cap,  as  at  2,  where  it  is  retained 
by  a  species  of  attraction,  in  which  condition  it  is  said  to  be  dis- 
guised. The  leaves  therefore  diverge  with  a  corresponding 
quantity  of  positive  electricity  thus  set  free ;  things  being  in  this 
state,  a  touch  is  sufficient  to  neutralize  the  excess  of  positive 
electricity,  as  seen  in  8,  and  the  instrument  appears  to  be  quies- 
cent. Remove  the  glass  tube,  however,  and  the  negative  electri- 
city, that  had  been  accumulated  on  the  surface  of  the  cap,  spreads 
over  die  whole  instrument  (though  in  the  diagram  this  is  only 
represented  as  taking  place  upon  the  leaves),  and  the  leaves 
diverge  with  negative  electricity,  as  shown  at  4. 

In  all  these  cases,  the  excited  body  itself  neither  loses  nor 
gains  electricity  by  the  process  just  described.  The  mode  in 
which  this  transfer  of  force  from  a  distance  is  effected  still  re- 
mains to  be  considered. 

(229)  Faraday's  Theory  of  Induction. — We  owe  to  Faraday 
a  theory  of  these  effects,  which  has  been  thus  concisely  summed 
up  by  Snow  Harris  (Rudimentary  Electricity,  first  ea,  pp.  83, 
84).  Faraday  '  conceives  electrical  induction  to  depend  on  a 
physical  action  between  contiguous  particles,  which  never  takes 
place  at  a  distance  without  operating  through  the  molecules  of 
intervening  non-conducting  matter,  in  these  intermediate  parti- 
cles, a  separation  of  the  opposite  electricities  takes  place,  and 
they  become  disposed  in  an  alternate  series  or  succession  of  posi- 
tive or  negative  points  or  poles :  this  he  terms  a  polarization  of 
the  particles,  and  in  this  way  the  force  is  transferred  to  a  distance. 
Thus,  if  in  fig.  169,  p  represents  a  positively  charged 
Fig.  169.  body,  and  a,  &,  c,  d,  intermediate  particles  of  air,  or 
other  non-conducting  matter,  then  the  action  of  f  is 
transferred  to  a  distant  body,  n,  by  the  separation  and 
electrical  polarization  of  these  particles,  indicated  by 
0  9  9*  ^  Berjeg  0f  black  and  white  hemispheres.  Now,  if 
^  ®  ®  ^  the  particles  can  maintain  this  state,  then  insulation 
9  9  9*  obtains ;  but  if  the  forces  communicate  or  discharge 
9  9  9*     one  into  the  other,  then  we  have  an  equalization  or 

©combination  of  the  respective  and  opposite  electricities 
throughout  the  whole  series,  including  p  and  n.'  .  .  . 
'  He  assumes  that  all  particles  of  matter  are  more  or 
less  conductors:  that  in  their  quiescent  state  they  are  not  ar- 
ranged in  a  polarized  form,  but  become  so  by  the  influence  of 
contiguous  and  charged  particles.  They  then  assume  a  forced 
state,  and  tend  to  return,  by  a  powerful  tension,  to  their  original 
normal  position ;  that  being  more  or  less  conductors  the  parti- 
cles charge  either  hodibu  or  c>y  polarity;  that  contiguous  parti- 
cles can  communicate  tneir  forces  more  or  less  readily  one  to  the 
other.  When  less  readily,  the  polarized  state  rises  higher,  and 
insulation  is  the  result :  when  more  readily,  conduction  is  the 
consequence.' .  .  .  .  '  Induction  of  the  ordinary  kind  is  the  action 
of  a  charged  bodyupon  insulating  matter,  or  matter  the  particles 
of  which  communicate  the  electrical  forces  to  each  other  in  an  ex- 
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tremely  minute  degree ;  the  charged  body  producing  in  it  an 
equal  amount  of  the  opposite  force,  and  this  it  does  by  polarizing 
the  particles,  (fig.  169). 

(230)  Distribution  of  Electric  Charge. — Bodies  susceptible 
of  this  polarization  are  termed  dielectrics  ;  and  whether  they  be 
solid,  liquid,  or  aeriform,  the  electric  force  is  transmitted  through 
them  freely.  A  pane  of  glass  interposed  between  the  excited 
tube  and  the  cap  of  the  electroscope  will  in  no  sensible  manner 
affect  the  divergence  of  the  leaves,  which  will  occur  as  usual ; 
but  the  interposition  of  an  uninsulated  sheet  of  tin-plate,  or  even 
of  a  screen  of  wire  gauze,  will  effectually  stop  all  signs  of  electric 
excitement  on  the  leaves. 

Owing,  however,  to  the  molecular  action  by  which  induction 
is  propagated,  Faraday  has  shown  that  it  may,  under  certain  cir- 
cumstances, be  traced  round  the  edges  of  such  a  screen,  and  it 
may  be  continued  either  in  curved  or  in  straight 
lines.  Let  s  (fig.  170)  represent  a  mass  of  shell- 
lac  which  has  been  excited  by  friction  at  its  up- 
per part ;  b,  a  brass  plate  resting  on  the  shell- 
lac,  but  also  in  conducting  communication  with 
the  ground.  At  a,  a  strong  inductive  action  is 
perceived,  which  is  weaker  at  &,  weaker  still  at  cy 
and  very  trifling  at  d;  at  e  it  increases,  and  at^f 
is  nearly  as  strong  as  at  &,  whilst  at  g  it  again 
decreases,  from  the  effect  of  increasing  distance. 

In  consequence  hf  these  inductive  actions,  electricity  when  at 
rest  is  always  distributed  over  the  surface  of  a  charged  object ; 
and  therefore,  for  the  purpose  of  collecting  electricity,  a  hollow 
shell  of  conducting  matter  is  quite  as  effectual  as  a  solid  mass  of 
the  same  size.  Many  striking  experi- 
ments may  be  riven  in  proof  of  this  im- 
portant fact.  For  instance,  place  a  me- 
tallic can,  o  (fig.  171, 1),  upon  a  small 
insulating  stand,  s ;  communicate  a 
charge  to  a  brass  ball,  insulated  by  a 
slender  glass  rod,  and  introduce  this 
charged  ball  into  the  interior  of  the  can, 
allowing  it  to  touch  the  bottom ;  with- 
draw the  ball ;  it  will  be  found  when 
tested  with  the  electroscope  to  have 
given  up  all  its  electricity.  Touch  the 
mside  of  the  can  with  a  proof  plane  (or 
small  disk  of  paper  insulated  by  a  stout 
filament  of  shell-lac),  and  hold  it  towards  the  charged  disk  of  the 
electroscope  (fig.  161),  no  action  will  be  perceived :  bring  the 
proof  plane,  however,  into  contact  with  any  part  of  the  outer 
surface  of  the  metallic  can,  and  an  abundant  charge  will  be  ob- 
tained. Koa  charm  can  be  sustained  towards  the  interior,  be- 
cause there  is  no  object  within  towards  which  induction  can  take 
place ;  but  the  polarization  of  the  air  on  the  outside  produces 
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induction  towards  all  surrounding  objects.*  But  now,  whilst 
the  exterior  still  remains  charged,  nold  an  tmexcited  brass  ball, 
attached  to  a  metallic  wire,  in  the  inside  of  the  cup,  (fig.  171,  2), 
without,  however,  allowing  it  to  touch  it ;  if  the  insulated  paper 
disk,  under  these  circumstances,  be  made  to  touch  any  part  of 
the  inside  of  the  can,  it  will  receive  a  charge :  the  particles  of  the 
air  within  the  can,  may,  under  these  circumstances,  become  polar- 
ized, because  the  brass  ball  is  in  a  condition  to  become  oppositely 
charged  to  the  can.  If  the  can  be  positive,  the  ball  becomes 
negative,  its  positive  electricity  passing  off  to  the  earth  by  the 
wire. 

A  similar  disturbance  of  electric  equilibrium  will  be  found 
whenever  a  charged  body  is  brought  near  other  uninsulated  ones. 
If  an  excited  glass  tube  be  brought  towards  the  wall  of  the  room, 
and  just  opposite  to  the  tube  the  wall  be  touched  with  the  proof- 
plane,  a  small  charge  of  resinous  electricity  will  be  carried  off, 
and  will  be  perceptible  by  the  electroscope. 

By  increasing  the  surface  of  the  conductor  whilst  the  amount 
of  electricity  remains  the  same,  it  is  obvious  that  the  quantity 
upon  each  portion  of  exposed  surface  is  diminished,  and  the  inlen 
sUy  of  the  charge  is  said  to  be  lowered.  Thus,  if  a  metallic  rib 
bon,  coiled  up  by  the  action  of  a  spring,  be  attached  to  the  cap 
of  an  electroscope,  and  a  small  charge  be  given  to  it,  a  certain 
divergence  of  the  leaves  will  be  produced ;  on  uncoiling  the  rib- 
bon, by  means  of  a  silk  thread  attached  to  it  for  the  purpose,  the 
leaves  will  partially  collapse,  because  the  same  amount  of  induc- 
tion towards  the  ceiliug  and  floor  of  the  room  is  now  distributed 
over  a  larger  surface ;  but  on  allowing  the  spring  to  exert  its  . 
elasticity,  and  coil  up  the  ribbon,  the  leaves  will  again  resume 
their  original  divergence. 

In  all  cases  of  electric  excitement  the  charge  is  diffused  over 
the  surface  of  the  conductor,  but  the  form  of  that  surface  mate- 
rially influences  the  mode  in  which  the  electricity  is  distributed. 
If  a  charged  sphere  be  suspended  in  the  centre  of  a  room,  the 
superficial  distribution  of  the  force  will  be  uniform  on  all  parts 
of  its  surface.  But  if  two  similar  and  equally  excited  spheres  be 
suspended  side  by  side,  the  electric  accumulation  will  be  greatest 
at  those  points  of  their  respective  surfaces  which  lie  at  the  oppo- 
site extremities  of  a  line  passing  through  the  centre  of  each ;  and, 
in  a  cylinder,  the  force  is  highest  at  the  two  ends. 

This  change  in  the  distribution  of  electricity  over  the  surface, 
which  depends  upon  the  change  of  form,  was  carefully  investi- 

fated  by  Coulomo.  For  this  purpose  he  employed  his  torsion 
alance,  shown  at  fig.  164.  The  carrier-ball,  a,  of  the  instru- 
ment was  brought  into  contact  with  that  point  of  the  conductor 
which  was  to  be  examined ;» the  ball  thus  acquired  a  charge  pro- 
portional to  the  intensity  of  the  electricity  at  that  spot ;  and  the 
intensity  was  measured  in  the  manner  already  described  (226), 

*  Indeed,  a  delicate  electrometer  may  be  enclosed  in  a  shell  of  condtcting  matter, 
which  may  be  so  highly  charged  as  to  emit  sparks  in  all  directions*  though  the  eleo- 
trometerwill  remain  wholly  unaffected. 
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by  the  angular  repulsion  of  the  needle ;  different  points  of  the 
conductor  were  thus  examined  in  succession,  and  the  intensity  at 
each  point  was  compared  with  the  others. 

In  this  way  it  was  found  that  if  two  spheres  of  unequal 
diameters  were  each  originally  electrified  to  tne  same  degree  of 
intensity  (that  is,  if  each  sphere  were  so  charged  that  the  quan- 
tity of  electricity  upon  a  square  inch  of  the  surface  of  each  was 
exactly  equal  when  the  two  were  separate)  on  bringing  the  two 
into  contact,  the  greatest  accumulation  still  occurred  at  the  ex- 
tremities of  a  line  joining  the  centres  of  the  spheres,  but  the  ac- 
cumulation was  greater  on  the  small  ball  than  on  the  large  one. 
The  experiment  may  be  carried  still  farther :  for  if  a  series  of 
spheres  gradually  diminishing  in  size  be  employed,  till  at  last 
they  virtually  end  in  a  point,  the  accumulation  at  length  becomes 
so  great  that  the  point  is  unable  to  retain  the  charge,  and  disper- 
sion ensues. 

A  rough  idea  of  this  effect  may  be  conveyed  by  fig. 
which  a,  b,  and  o  represent 

Fig.  172. 


172,  in 


'CO* 


three  independent  spheres  di- 
minishing in  size,  and  which 
in  No.  1  are  supposed  to  be 
charged  with  electricity  of 
equal  intensity,  as  represent- 
ed by  a  shaded  layer  of  equal 
thickness  around  each,  while 
No.  2  represents  the  same 
three  balls  in  contact.  The 
intensity  of  the  charge,  as 
shown  by  the  lines  of  shadow, 
is  proportionately  much  great- 
er on  the  smallest  ball  than 
on  the  largest.  Points  must 
therefore  be  carefully  avoided  in  the  construction  of  apparatus 
for  retaining  electricity.  For  similar  reason*  sharp  or  rough 
edges  are  equally  objectionable. 

(231)  Electrical  Machines.— 
In  order  to  obtain  large  supplies 
of  electricity,  the  electrical  ma- 
chine is  employed.  Two  princi- 
pal forms  of  this  instrument — viz. 
the  cylinder  and  the  plate  ma- 
chine are  in  general  use. 

In  the  cylinder  machine  (fig. 
173)  a  hollow  cylinder  of  class, 
o,  is  mounted  on  a  horizontal  axis 
turning  by  a  winch  in  two  strong 
wooden  supports.  On  one  side 
is  placed  a  leather  cushion,  b, 
stuffed  with  hair  and  faced  with 
silk ;  from  its  upper  edge  proceeds  a  silk  flap,  s,  which  reaches 
nearly  round  the  upper  half  of  the  cylinder,    n  is  a  brass  con- 
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ductor  for  collecting  electricity  from  the  rubber.  The  cushion  ie 
insulated  by  a  strong  glass  pillar,  o.  To  collect  the  electricity 
from  the  glass,  a  metallic  conductor,  p,  is  mounted  on  an  insu 
lating  stem  of  glass,  h  ;  this  conductor,  on  the  side  next  the  glass, 
is  furnished  with  a  row  of  points,  which,  from  the  high  degree  of 
induction  produced  upon  them,  act  as  powerfully  in  receiving  as 
in  dispersing  a  charge.  Before  using  the  machine,  a  little  of  the 
amalgam  of  zinc  and  tin  (226)  is  spread  over  the  surface  of  the 
cushion.  When  the  whole  is  made  properly  dry  and  warm,  on 
turning  the  handle  a  brisk,  crackling,  snapping  noise  is  heard, 
whilst  flashes  and  sparks  of  fire  dart  round  the  cylinder  from  the 
edge  of  the  silk  flap.  Sparks  of  two  or  three  inches  in  length 
may  now  be  drawn  from  the  prime  conductor,  p,  if  the  hand  be 
applied  to  the  rubber  when  the  cylinder  is  turned.  In  order  to 
obtain  a  continuous  supply  of  sparks  from  the  conductor,  p,  it  is, 
however,  absolutely  necessary  to  maintain  a  conducting  commu- 
nication between  the  rubber  and  the  ground.  If  the  prime  con- 
ductor be  made  to  communicate  with  the  ground  while  the  rub- 
ber is- insulated,  sparks  maybe  freely  obtained  from  the  rubber 
on  working  the  machine.  The  electricity  from  the  cylinder  and 
conductor,  p,  however,  is  positive,  like  that  from  glass  generally, 
whilst  that  from  the  rubber  is  negative.  If  the  rubber  and  the 
conductor,  while  both  are  insulated,  be  connected  by  a  metallic 
wire,  no  sparks  can  be  obtained  from  either,  however  vigorously 
the  machine  be  worked,  the  negative  electricitv  of  the  rubber 
being  exactly  neutralized  by  an  equal  amount  of  positive  electri- 
city ffom  the  cylinder  and  conductor.  The  reason  why  it  be- 
comes necessary,  in  working  the  machine  effectively,  to  connect 
either  the  rublJer  or  the  conductor,  p,  with  the  earth,  is  thus  ren- 
dered obvious,  since  otherwise  induction  takes  place  between  the 
liberated  resinous  electricity  on  the  rubber  and  the  positive  elec- 
tricity which  accumulates  on  the  prime  conductor,  and  thus  pre- 
vents its  free  discharge.  No  sooner,  however,  is  die  negative  elec- 
tricity in  the  rubber 
?*<*•  1^4«  supplied  from  the  un- 

limited stores  of  the 
earth  with  an  equiva- 
lent amount  of  positive 
electricity,  through  a 
chain  suspended  to  it, 
or  through  the  body  by 
placing  the  hand  on  the 
rubber,  than  the  accu- 
mulated positive  elec- 
tricitv on  tne  conductor, 
p,  is  free  to  pass  off  in 
sparks  to  such  objects 
as  are  sufficiently  near. 
In  the  Plate  Machine 
(fig.  174),  a  flat  plate 
of  glass,  o,  is  substi- 
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tuted  for  the  cylinder,  c,  in  fig.  173.  The  axis  of  rotation  passes 
through  the  centre  of  this  plate,  and  the  rubbers,  b,  r,  are  placed 
on  each  side  of  the  glass  along  a  portion  of  its  circumference.  In 
this  form,  however,  it  is  not  easy  to  insulate  the  rubbers,  and  to 
obtain  negative  electricity  separately,  though  it  supplies  positive 
electricity  in  abundance,  p  is  the  prime  conductor,  insulated  by 
a  glass  stem. 

(232)  Extensive  Operation  of  Induction. — As  the  principle 
of  induction  already  explained  is  one  which  pervades  the  whole 
phenomena  of  electricity,  we  proceed  to  point  out  a  few  more  ex- 
amples. 

jSvery  case  of  attraction  is  preceded  by  induction :  the  op- 
posed surfaces  become  oppositely  electrified  by  polar  action,  after 
which  attraction  ensues.  The  following  elegant  experiment  by 
Snow  Harris  shows  the  steps  of  the  process  clearly : — Attach  to 
a  circular*  disk  of  gilt  card,  a,  fig.  175, 
about  three  inches  in  diameter,  one  end  Fl°-  1^-_ 

of  a  slip  of  gold  leaf,  and  by  a  rod  of  shell- 
lac  fasten  the  disk  to  a  light  strip  of  wood, 
balanced  at  the  other  end  by  a  weight. 
Suspend  this  freely  by  a  thread,  as  repre- 
sented in  fig.  175;  on  bringing  another 
similarly  insulated  charged  gilt  disk,  b, 
near  a,  the  gold  leaf  upon  a  will  diverge, 
and  then  attraction  of  tne  disk  will  follow. 

Even  the  phenomena  of  elecjtrical  re- 
pulsion may  be  traced  to  induction.  If  a 
pair  of  slips  of  gilt  paper  be  insulated  and 
suspended  side  by  side  as  in  the  electro- 
scope, they  will  diverge  when  charged ;  whilst  in  this  condition 
a  proof-plane  will  detect  no  electricity  on  their  inner  surfaces, 
but  abundance  on  the  outer  ones :  induction  takes  place  towards 
surrounding  objects,  which  attract  the  leaves,  and  they  separate 
from  each  other ;  but  if  any  conducting  body  in  communication 
with  the  earth  be  introduced  between,  the  two  leaves,  induction 
now  takes  place  from  the  inner  surface  of  the  leaves  towards  it, 
and  they  instantly  collapse.  Many  amnping  electrical  experi- 
ments have  been  contrived  upon  tne  principle  of  induction : — 
light  figures,  placed  on  a  conducting  surface  under  an  electrified 
plate,  are  made  to  dance  by  alternate  attractions  and  repulsions. 
If  a  number  of  strips  of  paper  be  supported  in  the  centre  of  a 
room,  by  attaching  them  to  a  wire  which  is  in  connexion  with 
the  conductor  of  a  powerful  machine  in  action,  they  will  rise  up 
and  diverge  in  all  directions,  towards  the  ceiling,  the  walls,  and 
the  floor,  under  the  influence  of  induction  ;  if  a  conducting  point 
or  surface  be  brought  near  them,  they  will  all  bend  over  and  con- 
verge towards  it. 

(283)  Electrophorus. — The  electrophorus  of  Volta  is  an  in- 
expensive and  portable  kind  of  electrical  machine  which  derives 
its  name  from  fjkacTpbv,  and  $opb<r  carrying,  in  allusion  to  the 
manner  in  which  the  metallic  cover  carries  electricity :  it  owes 
22 
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its  activity  to  the  operation  of  induction,  which  indeed  it  is  well 
calculated  to  exemplify.  The  instrument  (fig.  176)  consists  of  a 
resinous  plate,  b,  12  or  15  inches  in  diameter, 
Fig.  176.  which  may  be  composed  of  equal  parts  of  shell- 

lac,  resin  and  Venice  turpentine,  melted  together 
and  cast  into  a  circular  cake  of  about  an  inch 
in  thickness.  This  cake  rests  on  a  sheet  of  tin- 
plate  or  metal,  t  ;  it  is  furnished  with  a  movea- 
ble cover  consisting  of  a  somewhat  smaller  circu- 
lar metallic  plate,  m,  to  which  is  attached  an  insulating  handle. 
The  resinous  cake  is  rubbed  with  warm  and  dry  fur  or  flannel, 
and  on  then  putting  down  the  metallic  cover  by  its  insulating 
handle,  a  spark  of  negative  electricity  may  be  drawn  from  it ; 
on  again  raising  it,  a  spark  still  brighter,  of  positive  electricity, 
may  be  obtained.  On  replacing  tne  cover,  another  negative 
spark  may  be  drawn,  and  on  raising  it,  another  positive  one,  and 
tnis  may  oe  repeated  for  an  indefinite  number  of  times. 

The  action  of  the  electrophorus  may  be  thus  explained. 
When  the  cake  is  rubbed,  it  becomes  negatively  electrified  on 
its  upper  surface ;  the  under  surface,  which  is  in  communication 
with  tne  earth  through  the  tin-plate,  becomes,  by  induction,  posi- 
tive, to  a  similar  extent,  the  particles  of  the  cake  being  thrown 
into  a  polar  condition.  It  thus  polarizes  the  metallic  plate  on 
which  it  rests,  liberating  negative  electricity,  and  this  passes  off 
to  the  earth,  whilst  the  ipetal  preserves  a  positive  charge,  which, 
being  retained  by  induction,  is  not  perceived  until  the  inductive 
action  of  the  upper  surface  is  directed  to  the  metallic  cover.  If 
the  metallic  cover  be  now  brought  down  upon  the  upper  surface 
of  the  cake,  it  touches  the  resin  on  a  few  points  only,  and  from 
the  inferior  conducting  power  of  the  resin  receives  but  little 
direct  negative  charge  from  the  contact;  instead  of  this,  the 
under  surface  of  the  metal  becomes  positive  by  induction  from 
the  resin,  whilst  upon  its  upper  surface  a  corresponding  amount 
of  negative  electricity  is  set  free ;  this  escapes  m  the  form  of  a 
spark,  if  a  conductor  be  presented.  On  raising  the  cover  after 
the  escape  of  the  negative  spark,  the  positive  electricity,  which 
before  was  attracted  to  the  lower  surface  of  the  metallic  cover 
and  held  there  by  induction,  is  in  excess,  and  it  is  ready  to  escape 
as  a  spark  when  a  conductor  is  presented  near  enough  to  it.  As 
the  resin  has  lost  none  of  its  charge,  the  process  may  be  repeated 
for  an  indefinite  number  of  times.*  If  after  the  resinous  cake  of 
the  electrophorus  has  been  excited  in  the  usual  manner,  it  be 

E laced  upon  an  insulating  support,  and  the  metallic  cover  be 
rought  aown  upon  it  by  means  of  the  insulating  handle,  little  or 
no  negative  electricity  will  be  obtained  from  the  upper  plate  on 
connecting  it  with  the  ground:  but  if  a  connexion  be  made 

*  The  correctness  of  this  explanation  may  be  verified  by  substituting  for  the  metallic 
cover  a  circular  disk  of  tinfoil  of  the  same  diameter,  and  pressing  it  down  into  complete 
contact  with  the  resinous  plate ;  on  removing  the  tinfoil  it  will  be  found  to  have  dis- 
charged the  resinous  plate  completely ;  and  no  charge  will  now  be  communicable  to  the 
insulated  metallic  cover  until  the  surface  of  the  resin  has  been  excited  anew  by  friction 
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between  the  upper  and  under  metallic  plate  by  touching  one 
with  each  hand,  a  slight  shock  will  be  felt  (235),  owing  to  the 
neutralization  of  the  positive  electricity  of  the  lower  plate  by 
the  liberated  negative  of  the  upper.  On  now  raising  the  cover, 
a  -positive  spark  may  be  obtained,  and  on  replacing  the  dis- 
charged plate  upon  the  resin,  the  same  series  of  phenomena  may 
be  repeated  as  often  as  the  operator  pleases,  without  exciting  the 
resin  anew  (235). 

(234)  Spread  of  Induction. — A  remarkable  peculiarity  in 
electrical  induction  has  yet  to  be  noticed.     When  a  charged 
sphere,  a,  is  suspended  exactly  in  the  centre  of  a  hollow  spherical 
cavity,  b,  fig.  if 7,  induction  diminishes  in 
every  direction  as  the  square  of  the  dis-  **••  W- 

tance;  but  it  is  quite  otherwise  if  the  /^ -v. 

charged  ball  be  suspended  within  the  hoi-  '  X 

low  sphere  in  any  other  position.  If  we 
compare  radiant  heat  with  induced  electri- 
city, it  will  be  found  that  the  approach  of 
a  cold  body,  s,  towards  a  source  of  radiant        \  / 

heat  does  not  affect  the  radiations  to  the         \  / 

objects  around,  excepting  in  the  case  of  ^^     ^S 

those  which  are  immediately  sheltered  by 
its  shadow,  as  at  b,  fig.  177 :  not  so,  however,  if  we  bring  an  un- 
insulated conductor  towards  a  body  charged  with  electricity. 
The  approach  of  such  a  conductor  concentrates  the  inductive 
action  more  or  less  completely  upon  itself,  and  to  a  correspond- 
ing extent  withdraws  that  action  which  was  previously  directed 
towards  the  surrounding,  but  more  distant,  envelope.  The 
fewer  are  the  intervening  particles  of  the  dielectric  air  to  be 
polarized,  the  higher  does  the  polarity  rise  in  each  particle,  and 
the  more  completely  is  the  induction  called  off  from  more  distant 
objects:  consequently  the  smaller  the  distance  between  the 
charged  and  the  disturbing  body,  the  more  complete  is  the  diver- 
sion. The  polarity  of  the  interposed  air  may  at  last  rise  so  high 
that  it  can  sustain  the  tension  no  longer,  and  a  spark  passes 
between  the  two  surfaces.  The  particles  of  the  dielectric  are  in 
a  forced  condition,  and,  like  the 
coils  of  a  spring,  tend  to  return  to 
their  normal  state. 

This  important  fact  may  be  il- 
lustrated in  the  following  way. 
Let  a,  fig.  178,  represent  an  insu- 
lated circular  conducting  plate, 
connected  with  an  electroscope. 
Give  to  the  plate  a  a  small  posi- 
tive charge  sufficient  to  cause  di- 
vergence of  the  leaves  of  the  elec- 
troscope ;  then  cause  a  second  conducting  plate,  b,  which  is  un- 
insulated, to  approach  the  plate  a.  The  leaves  of  the  electro- 
scope will  gradually  collapse,  but  they  will  open  out  again,  when 
B  is  withdrawn.      In  this  experiment  a  portion  of  the  positive 
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electricity  of  plate  b,  equivalent  in  quantity  to  that  of  the 
charged  body,  a,  passes  on  to  the  earth.  Owing  to  this  lateral 
action,  if  the  plate  b  be  retained  very  near  to  a,  the  plate  a  may 
receive  a  considerable  amount  of  charge,  by  repeated  applications 
of  a  body  feebly  charged,  provided  that  such  bodjr  is  freshly 
charged  between  each  contact  with  a  ;  by  these  repetitions  small 
quantities  of  electricity  may  be  accumulated,  and  rendered  evi- 
dent by  suddenly  withdrawing  the  uninsulated  plate,  b;  the 
leaves  of  the  electroscope  diverge,  because  by  such  withdrawal 
the  whole  induction  is  directed  to  surrounding  objects  instead  of 
being  concentrated  upon  b.  An  apparatus  of  *  this  kind  has  been 
called  a  condenser,  from  its  power  of  collecting  and  rendering 
visible,  by  repeated  contacts,  quantities  of  electricity  too  minute 
to  be  otherwise  perceptible. 

(235)  The  Leyden  Jar. — By  substituting  a  solid  dielectric, 
such  as  glass,  for  the  sheet  of  air  between  the  plates  a  and  b  in 
the  preceding  experiment,  a  much  higher  degree  of  induction 
may  be  obtained,  since  the  fixed  position  of  the  particles  of  the 
glass  prevents  them  from  moving  off  when  highly  charged.  In 
fact,  a  plate  of  glass  between  two  metallic  surfaces  constitutes  an 
apparatus  for  storing  up  electricity  ;  and  is,  in  its  simplest  form, 
the  important  instrument  celebrated  from  the  place  of  its  dis- 
covery as  the  Leyden  Jar.  Excepting  as  a  matter  of  convenience 
it  does  not  signify  whether  the  glass  be  flat  or  curved,  only  it  is 
found  more  easy  to  manipulate  with  jars  than 
Ro.  179.  Trith  flat  plates.    The  ordinary  form  of  Ley 

den  jar  is  represented  at  o,  fig.  179.  It  con- 
sists of  a  bottle,  of  thin  glass,  with  a  wide 
neck.  A  coating  of  tinfoil  is  pasted  upon 
both  the  internal  surface,  i,  and  the  outer  sur- 
face o,  to  within  three  or  four  inches  of  the 
neck.  The  upper  portion  of  the  glass  is  left 
free  from  conducting  matter  in  order  to  pre- 
serve the  insulation  of  the  two  coatings.  A 
wire,  surmounted  by  a  brass  knob,  and  sup- 
ported by  a  smooth  plug  of  dry  wood,  serves  to 
convey  the  charge  to  the  inner  coating,  with 
which  it  is  in  contact.  Such  ajar  will  receive 
*  and  sustain  a  charge  of  much  higher  intensity 
^4  than  a  simple  conducting  surface  of  brass  or 

-       jdj         of  tinfoil  of  the  same  extent. 
^■— ■%  A  simple  experiment  will  suffice  to  show 

^L  the  correctness  of  this  statement.  A  single 
^  turn  of  the  machine  will  be  sufficient  to  cause 
a  straw,  b,  fig.  179,  suspended  from  the  cen- 
tre of  the  graduated  arc,  and  attached  to  the  prime  conductor  of 
the  machine,  p,  to  assume  its  utmost  angular  repulsion ;  but  if 
the  knob  of  a  Leyden  jar,  which  need  not  expose  a  coated  surface 
of  an  extent  equal  to  the  superficial  area  of  the  prime  conductor, 
be  presented  as  at  p,  it  will  take  eight  or  ten  turns  of  the  machine 
to  produce  the  same  amount  of  repulsion ;  bright  sparks  will 
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pass  in  rapid  succession  between  the  knob  and  the  conductor,  if 
the  two  be  separated  by  a  small  interval,  and  on  connecting  the 
two  coatings  of  the  jar  by  the  discharged  rod,  d  (which  is  merely 
a  jointed  wire  terminating  in  brass  balls,  and  which  for  safety  is 
insulated  on  a  glass  handle),  the  equilibrium  is  restored  suddenly 
and  completely  with  a  loud  snap  and  a  brilliant  spark.  If  the 
discharge  were  allowed  to  take  place  through  the  arms,  or  any 
part  of  the  body,  a  sudden  painful  sensation,  termed  the  electric 
shock,  would  be  experienced.  The  power  of  the  Leyden  jar 
may  be  increased  by  increasing  its  size ;  and  when  it  would  be 
inconvenient  to  use  jars  of  a  large  size,  a  similar  increase  in 
power  may  be  obtained  by  placing  a  number  of  small  jars  side 
oy  side  upon  a  sheet  of  tinfoil,  or  other  conductor,  which  con* 
nects  together  all  their  outer  coatings,  whilst  by  means  of  wires 
all  their  inner  coatings  are  similarly  connected  with  each  other. 
Such  an  arrangement  of  jars  is  called  an  electrical  battery,  and  is 
shown  at  fig.  190.  If  the  jars  be  of  uniform  thickness,  the 
power  of  the  battery  will  be  in  proportion  to  the  extent  of  the 
coated  surface,  but  the  intensity  of  the  charge  will  be  inversely 
as  the  square  of  the  thickness  of  the  glass.  ( Wheatstone,  Govern- 
m&nt  Report  on  Electric  Cables,  1861,  Appendix,  p.  285.) 

That  the  charge  of  the  Leyden  jar  depends  upon  an  action  of 
contiguous  particles,  polarization  taking  place  across  the  dielec- 
tric, may  be  shown  by  taking  three  or  four  laminae  of  glass,  and 
placing  them  one  above  another  between  two  metallic  plates, 
thus  forming  them  into  one  compound  plate,  and  then  charging 
the  whole.  If  the  upper  plate  becomes  positively  charged,  the 
lower  one  will  become  negative,  whilst  each  intermediate  plate 
becomes  polarized,  and  thus  transmits  the  inductive  effect. 

As  might  be  anticipated  from  this  experiment,  it  is  found  that 
the  charge  of  the  jar  does  not  reside  in  the  coatings,  which  mere* 
ly  act  as  conductors  to  favour  Hie  distribution  and  escape  of  the 
electricity.  If  a  jar  be  fitted  with  moveable  coatings,  and  then 
charged,  each  of  the  coatings  may  be  removed  by  a  suitable  insu- 
lating support ;  the  coatings  maybe  handled  after  such  removal ; 
the  jar  may  then  be  replaced  in  them,  and  it  will  give  a  power- 
ful *psuk  when  discharged  in  the  usual  manner.* 

The  following  experiments  will  elucidate  the  action  of  the 
Leyden  jar  when  in  tne  process  of  receiving  a  charge.  Let  a  jar, 
a,  fig.  l8o,  be  placed  upon  an  insulating  stand,  and  let  its  knob 
be  brought  near  to  tne  prime  conductor,  f,  of  an  electrical 
machine  in  action ;  under  these  circumstances  it  will  be  found 
to  receive  little  or  no  charge.  Now  place  an  uninsulated  con- 
ductor, o,  near  its  outer  coating ;  sparks  will  pass  trom  f  to  the 
knob  of  the  jar  a  ;  and  for  every  spark  that  passes  to  the  knob 

*  The  jar,  if  well  dried,  will  be  found  after  this  discharge  still  to  retain  a  polar  eon* 
dition  like  the  cake  of  the  electrophorua.  After  the  discharge,  if  the  inner  coating 
be  withdrawn  by  an  insulating  handle,  it  will  give  off  a  positive  spark,  and,  on  replacing 
the  coating,  the  jar  may  be  a  second  time  discharged ;  and  the  same  series  of  operations 
may  be  repeated  several  times. 
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Fig.  180. 


of  the  jar,  a  spark  will  pass  from  the  outer  coating  to  the  uninsu* 
lated  conductor  o.  If  the  jar  be  receiving 
positive  electricity  from  the  machine  upon  its 
interior,  it  will  be  found  that  an  equal  quan- 
tity of  positive  electricity  is  disengaged  from 
the  exterior.  A  second  uninsulated  jar  may 
be  placed  so  as  to  receive  upon  its  lenob  the 
sparks  from  the  exterior  of  the  first ;  it  will 
tnus  become  charged  to  an  extent  equal  to  the 
charge  of  the  first  jar.  Again,  if  three  insu- 
lated jars  be  placed  as  in  fig.  181,  where  p  in- 
dicates the  prime  conductor,  whilst  the  coat- 
*  ing  of  the  last  jar  is  brought  near  to  a  wire,  w, 
proceeding  from  the  insulated  rubber  of  the 
machine,  for  each  spark  that  passes  from  the 
conductor,  p,  a  similar  spark  will  be  seen  to  pass  between  each 
of  the  jars,  and  between  the  last  jar  and  the  wire  n.    In  this  way 

Fio.  181. 

each  jar  will  become  equally  and  powerfully  charged,  although 
both  the  machine  and  the  jars  are  completely  insulated.  ^ 

From  the  foregoing  experiments  it  is  plain  that  a  jar  when 
charged,  contains  no  more  of  either  electricity  than  it  does  in  its 
neutral  condition,  but  the  distribution  of  the  two  forces  is  differ- 
ent. This  statement  may  be  illustrated  by  aid  of  the  diagram, 
fig.  182 : — Let  No.  1  indicate  an  enlarged  section  of  the  glass  side 

of  the  jar,  the  partially  shaded 


Fio. 
T  O 


circles  showing  its  particles  in 
the  neutral  state ;  x  represent- 
ing a  section  of  tne  inner  me- 
tallic coating,  and  o  a  section 
of  the  outer  coating.  Let  No. 
2  be  a  section  of  the  same  jar 
when  a  charge  of  positive  elec- 
tricity has  teen  thrown  by  the 
machine  upon  the  inner  sur- 
face, i.  In  this  case  a  corre- 
sponding quantity  of  negative 
electricity  must  have  passed  off  from  the  same  coating  to  the  con- 
ductor of  the  machine,  leaving  the  superficial  layer  of  particles 
bodily  charged  with  positive  electricity,  as  shown  by  the  white 
circles  in  No.  2.  In  order,  however,  that  this  charge  of  the  innei 
layer  may  occur,  it  is  necessary  that  the  outer  layer  be  uninsu- 
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lated,  for  reasons  which  will  be  immediately  explained.  The 
two  electricities  in  No.  2  are  represented  as  being  accumulated 
on  opposite  sides  of  each  of  the  particles  composing  the  layers 
intermediate  between  the  inner  and  outer  superficial  layers  of 
the  glass,  the  white  half  indicating  the  positive  electricity,  the 
black  half  the  negative.  Polarization  of  each  particle  of  the 
dielectric  glass  intervening  between  the  two  surfaces  is  produced, 
and  a  quantity  of  positive  electricity  is  therefore  disengaged  from 
the  second  surface,  which  is  exactly  equal  to  that  distributed  by 
the  inner  coating,  l,  upon  the  first ;  but  unless  an  escape  be 
afforded  for  this  excess  of  positive  electricity  from  the  second 
surface,  no  charge  is  received  by  the  jar,  for  polarization  becomes 
impossible,  and  no  appreciable  amount  of  electricity  can  enter  the 
jar  from  the  machine.  At  the  same  time  that  positive  electri- 
city is  escaping  from  the  outer  superficial  layer,  a  corresponding 
quantity  of  negative  electricity  supplies  its  place,  consequently 
tins  layer  becomes  bodily  charged  with  negative  electricity,  as 
indicated  by  the  fully  shaded  circles. 

It  thus  appears  that  the  charging  of  a  iar  with  electricity  is 
totally  different  from  the  operation  of  filling  a  bottle  with  a 
liquid;  the  electricity  is  distributed  not  in  the  cavity  of  the 
bottle,  but  in  the  substance  of  the  glass  itself.  Indeed,  it  has 
been  already  stated  that  a  flat  plate  will  answer  equally  well 
with  the  jar,  but  the  jar,  from  its  form,  is  for  the  sake  of  con- 
venience preferred.  In  the  experiment  with  the  three  insulated 
jars,  an  explanation  similar  to  the  foregoing  one  may  be  given : 
— A  quantity  of  positive  electricity  passes  from  the  conductor  of 
the  machine  to  the  inner  surface  of  the  first  jar.  A  correspond- 
ing quantity  of  the  same  kind  of  electricity  simultaneously  passes 
off  from  the  opposite  coating  into  the  next  jar,  which  in  its  turn 
becomes  similarly  polarized  ;  and  so  on  in  succession,  until,  from 
the  last  jar,  a  quantity  of  positive  electricity  passes  to  the  rubber, 
exactly  sufficient  to  neutralize  the  negative  electricity  liberated 
by  the  machine,  which  is  necessarily  equivalent  to  the  positive 
electricity  accumulated  on  the  internal  surface  of  the  first  jar.  It 
is  not  necessary  that  the  last  jar  be  connected  with  the  rubber 
directly,  the  same  object  will  be  attained  by  allowing  the  dis- 
charge to  take  place  into  the  earth,  provided  that  the  rubber  also 
be  in  conducting  communication  with  the  earth.  Although  it  is 
usual  in  the  charging  of  a  jar  to  connect  the  internal  coating 
with  the  prime  conductor,  yet  the  jar  may  be  charged  equally 
well  if  its  insulated  external  coating  be  connected  with  the  con- 
ductor whilst  the  inner  coating  is  made  to  communicate  with  the 
earth ;  in  this  case,  however,  the  charge  on  the  outer  surface  is 
positive,  whilst  the  inner  surface  becomes  negative. 

Each  jar  in  the  series,  fig.  181,  thus  receives  a  charge,  though 
only  one  has  been  placed  in  connexion  with  the  machine ;  the 
superfluous  electricity  upon  the  outer  coating  of  the  first  having 
charged  the  second,  and  so  on.  If  the  insulations  be  good,  and 
the  glass  of  the  jars  thin,  the  last  jar  will  be  charged  very  nearly 
to  the  same  extent  as  the  first. 
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Fig.  183. 


When  all  the  jare  have  been  thus  charged,  all  will  be  simul- 
taneously discharged  if  the  inner  coating  of  the  first  iar  be  con- 
nected with  the  outer  coating  of  the  last;  but  although  no 
greater  amount  of  electricity  passes  between  the  two  extreme  jars 
man  would  have  passed  between  the  inner  and  outer  coating  of 
a  single  one,  the  distance  through  which  the  spark  passes  is  very 
much  greater,  and  for  eaual  charges  it  is  found  to  increase  as  the 
number  of  jars  thus  discharged :  if  a  spark  of  one  inch  in  length 
be  obtained  with  one  jar,  with  two  jars  the  spark  would  be  2 
inches,  with  four,  4  inches,  and  so  on.  In  practice  the  distance 
is  something  less,  because,  owing  to  imperfect  insulation  and  to 
the  resistance  of  the  glass  to  receive  a  charge,  each  succeeding 
jar  receives  a  somewhat  weaker  charge  than  the  one  which  pre- 
cedes it. 

(236)  Measures  of  Electricity* — It  is  upon  the  principles  just 
explained  that  Snow  Harris  has  constructed  his  Unit  jar>  for 
measuring  out  definite  quantities  of  electricity.  The  unit  jar  is  a 
miniature  Levden  jar  mounted  on  a  slender  insulating  rod  of 
glass.  Attached  to  the  outside  of  the  jar  is  a  wire  terminating 
in  a  ball,  a,  fig.  183,  parallel  to  the  usual  wire  and  ball  which 

passes  to  the  interior ;  on  the  wire 
connected  with  the  inside,  is  a  third 
sliding  ball,  ft— this  can  at  pleasure 
be  brought  to  any  required  distance 
from  the  ball,  a,  which  is  connected 
with  the  outside :  whilst  the  unit  jar 
is  becoming  charged  from  the  ma- 
chine (say  that  its  outer  surface  is 
rendered  positive,  as  represented  in 
the  figure),  an  equal  quantity  of 
positive  electricity  is  passing  off  from 
the  interior  along  tne  wire,  w,  at- 

dtached  to  the  inside  of  the  jar,  b, 
which  is  to  be  loaded  with  a  definite 
quantity :  as  soon  as  the  charge  in 
tne  umt  measure  rises  sufficiently 
high,  it  discharges  itself  between  the 
adjusted  balls,  a,  ft,  without  affecting 
the  charge  in  the  jar,  b.  A  second  charge  is  now  given  to  the 
unit  jar,  which  discharges  itself  when  it  rises  to  the  same  amount 
as  before :  during  each  successive  charge  of  the  unit  jar,  a  cor- 
responding quantity  of  positive  electricity  passes  from  its  exte- 
rior into  b,  so  that  oy  counting  the  number  of  sparks  that  pass 
between  a  and  ft,  the  number  of  equal  quantities  or  arbitrary 
units  which  have  beep,  given  to  the  jar,  b,  is  ascertained.  Sup- 
posing the  adjustment  of  the  balls,  a  and  ft,  to  remain  the  same, 
the  jar  b  may  be  made  to  receive,  for  any  number  of  times  suc- 
cessively, equal  amounts  of  electrical  charge,  by  causing  an  equal 
number  of  discharges  of  the  unit  jar  to  take  place  in  each  case. 

Other  means  have  been  proposed  for  ensuring  an  equal  accu- 
mulation of  electricity  in  a  jar.    Lewie's  discharging  electrometer 
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Fig.  184. 


is  the  simplest  of  these.  One  form  of  this  apparatus  is  shown  in 
fig.  184 :  its  principle  of  action  will  be  at  once  apparent  l  is 
an  ordinary  Leyden  jar,  in  the  ball,  a,  of  which 
a  hole  is  drilled  to  receive  the  brass  pin  of  the 
electrometer ;  a  bent  glass  arm,  ft,  carries  upon 
its  lower  extremity  a  brass  socket,  c,  through 
which  slides  an  insulated  rod  carrying  a  brass 
knob  on  either  extremity ;  one  of  these  balls,  f> 
can  be  placed  at  any  required  distance  from  the 
knob  of  the  Leyden  jar.  A  chain  or  wire,  w* 
effects  a  communication  between  the  sliding  rod 
and  the  outside  of  the  jar.  If  the  interval  be- 
tween a  and  f  be  maintained  uniform,  the  jar 
will  always  require  the  same  amount  of  charge 
before  the  discharge  takes  place  between  these 
two  balls,  a  *xAf.  The  quantity  of  electricity 
in  the  charge  is  proportioned  to  the  distance*  between  the  balls : 
with  an  interval  of  half  an  inch  the  force  would  be  double  that 
required  when  the  distance  was  only  a  quarter  of  an  inch. 

The  force  of  attraction  between  two  charged  surfaces  has 
been  measured  by  an  ingenious  modification  of  the  common  bal- 
ance devised  by  Snow  Harris.  A  light  disk  of  gilt  wood  is  sub- 
stituted, as  shown  in  fig.  185,  for  one  of  the  pans  of  the  balance ; 

Fig.  185. 


beneath  it  is  a  second  similar  insulated  disk :  the  suspended  disk 
and  the  balance  beam,  through  its  support,  are  connected  with 
the  exterior  of  a  Leyden  jar,  and  the  lower  insulated  disk  with 
the  interior  of  the  jar.  By  charging  the  Leyden  jar  with  definite 
quantities  of  electricity  by  means  of  the  unit  jar,  the  laws  which 
regulate  the  attractive  force  were  experimentally  determined. 
One  or  two  of  the  more  important  results  may  be  given  as  an  il- 
lustration of  the  mode  of  proceeding. 

If  a  Leyden  jfur  charged  with  a  certain  quantity  of  electricity 
produce  between  the  disKS  an  attractive  force  sufficient  to  raise  4 
grains,  it  will  when  charged  with  double  the  quantity  raise  four 
times  the  a^unt  or  16  grains ;  with  three  times  the  quantity  it 
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will  raise  nine  times  the  amount,  or  36  grains ;  consequently,  if 
the  extent  of  charged  surface  continue  constant,  the  attraction 
increases  as  the  square  of  the  quantity. 

When  two  equal  and  similar  jars  are  used  instead  of  one  jar, 
and  the  same  quantity,  say  ten  units,  is  distributed  over  them, 
the  attractive  force  will  be  diminished  to  },  and  with  three  jars 
to  }  of  what  it  was  when  a  single  jar  was  employed.  For  in* 
stance,  a  quantity  which  on  one  jar  would  raise  18  grains,  would, 
if  diffused  over  two  similar  jars,  raise  only  4£  grains ;  and  if 
diffused  over  three,  it  would  raise  only  2  grains.  If,  therefore, 
the  quantity  remain  constant,  the  attractive  force  is  inversely  as 
the  squares  of  the  charged  surfaces  of  the  jars.  When  the  dis- 
tance between  the  disks  was  altered,  it  was  found,  for  charges  of 
equal  intensity,  that  the  attractive  force  varied  inversely  as  the 
square  of  the  distance, — the  attractive  force  being  4  times  as 
great  at  1  inch,  as  it  was  at  2  inches,  distance. 

(237)  Specific  Induction. — It  has  been  shown  that  the  indue* 
tion  between  two  conducting  plates,  one  of  which  is  insulated 
while  the  other  communicates  with  the  earth,  is  facilitated  by 
diminishing  the  thickness  of  the  dielectric  which  separates  them, 
and  that  the  insulated  plate  is  enabled  to  receive  a  higher 
amount  of  charge  by  reducing  the  number  of  particles  of  the 
dielectric  which  undergo  polarization.  It  is  evident  from  this 
circumstance  that  the  polarization  is  attended  with  a  certain 
amount  of  resistance.  Faraday  discovered  that  this  resistance 
varies  in  amount  with  the  material  of  the  dielectric  employed ; 
some  substances  becoming  polarized  more  readily  than  others. 
The  relative  facility  of  induction  through  the  different  bodies  as 
compared  with  a  common  standard  constitutes  their  specific  in* 
k  ductwe  capacity.  A  plate  of  shell-lac,  for  example,  of  an  inch  in 
thickness,  allows  induction  to  take  place  across  it  twice  as  readily 
as  does  an  equal  thickness  of  atmospheric  air,  and  sulphur  with  a 
facility  equal  to  that  of  shell-lac. 

The  following  table  represents,  according  to  Snow  Harris 
(Phil.  Trans.,  1842,  p.  170),  the  specific  inductive  power  of 
various  bodies : — 

Specific  Induction,. 


Air 100 

Resin VII 

Pitch , 1-80 

s'-wax 1*86 


Glass 190 

Sulphur 1*98 

Shell-lac 1-9* 


The  fundamental  fact  may  be  shown  by  the  following  simple 
experiment  (fig.  186).  About  1J  inch  above  the  cap  of  a  gold- 
leaf  electroscope  suspend  an  insulated  disk  of  metal,  and  com- 
municate a  small  charge  to  the  insulated  disk :  the  cold-leaves 
immediately  diverge  by  induction.  Between  the  disk  and  the 
electroscope  substitute  for  the  dielectric  air,  a  body  the  specific 
induction  of  which  is  greater  than  that  of  air,  such,  for  example, 
as  a  plate  of  shell-lac,  s,  an  inch  in  thickness,  and  mounted  on  an 
insulated  handle;   the  leaves  will  immediately  diverge  more 
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Fio.  186. 


widely,  because  induction  towards  the 
instrument  takes  place  more  freely ;  on 
removing  the  shell-lac  the  leaves  of  the 
electroscope  return  to  their  original  di- 
vergence. The  effect  is  precisely  simi- 
lar to  that  which  would  be  produced  by 
bringing  the  charged  plate  nearer  to  the 
electroscope  in  air.  Similar  phenomena 
occur  if  a  mass  of  sulphur  or  of  resin  be 
substituted  for. the  shell-lac. 

In  good  conductors  no  such  polariza- 
tion can  be  traced,  and  in  imperfect  con- 
ductors, such  as  spermaceti,  the  results 
become  indistinct. 

With  gaseous  bodies  no  difference  in 
specific  inductive  power  is  found  to  ex- 
ist ;  it  is  remarkable  that  the  chemical 
nature  of  the  gas  has  no  influence ;  all  gases  having  the  same 
inductive  capacity  as  common  air.  No  variation  in  temperature, 
in  density,  in  drvness,  or  in:  moisture,  produces  any  change  in 
this  respect.  The  apparatus  with  which  Faraday  investigated 
these  curious  phenomena  was  a  kind  of  Leyden  phial  (fig.  187), 
consisting  of  two  concentric  metallic  spheres, 
A,  A,  insulated  from  each  other  by  a  stem  of  ft* 18^ 

shell-lac,  b.  Any  dielectric  coula  in  succes- 
sion be  placed  between  the  spheres,  whether 
the  subiect  of  experiment  were  solid,  liquid, 
or  aeriform,  as  by  connecting  it  with  the 
air-pump  by  means  of  the  stop-cock,  p,  it 
could  be  exhausted,  and  the  interval  filled 
with  any  gaseous  medium,  with  the  same 
fiwdlity  as  with  a  liquid  (Phil.  Tram.,  1838, 
p.  9).  Two  of  these  jars  having  been  pre-, 
pared,  a  charge  was  given  to  one  of  them, 
after  it  had  been  filled  with  the  body  the  in- 
ductive capacity  of  which,  was  to  be  deter- 
mined, and  the  charge  was  then  divided  with 
the  second  similar  apparatus,  in  which  the 
interval  between  the  spheres  was  filled  with 
air  only.  The  intensity  of  the  charge  in 
each  case  was  measured  by  means  of  a  car- 
rier-ball and  Coulomb's  electrometer. 

(238)  Various  Modes  qf  Discharge. — 
We  pass  on  now  to  consider  the  different 
modes  in  which  the  electric  equilibrium  is 
restored  after  it  has  been  disturbed :  this  restoration  may  be 
effected  in  one  of  three  wayB,  for  the  excited  body  may  be  dis- 
charged either  by  (a)  coiiduction,  by  (ft)  disruption,  or  by  (o) 
convection. 

(239)  a.  Conduction. — When  a  charged  Leyden  jar  is  dis- 
charged in  the  usual  way  through  a  discnarging-rod,  the  electri- 
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city  passes  quietly  through  the  wire  of  the  discharger  by  conduc- 
tion, out  traverses  the  interposed  air  by  disruption,  in  the  form 
of  a  spark  attended  with  noise. 

All  bodies,  shell-lac  and  glass  not  excepted,  possess  a  certain 
amount  of  conducting  power,  which  gives  rise  to  the  phenomenon 
termed  the  residual  charge  of  a  jar,  or  battery.  If  a  jar  be 
charged  strongly,  and  allowed  to  remain  undisturbed  for  a  few 
minutes,  and  then  be  discharged,  a  slight  apparent  renewal  of 
the  charge  will  take  place,  and  a  second  smaller  spark  may  be 
obtained  from  it.  This  Faraday  considers  to  be  due  to  the  pene- 
tration by  conduction  of  a  portion  of  the  charge  into  the  sub- 
stance of  the  dielectric.  Each  surface  of  the  glass  acquires  a 
weak  charge,  one  of  positive,  the  other  of  negative  electricity ;  but 
as  soon  as  the  constraining  power  which  caused  this  penetration 
of  the  electricity  is  removed,  it  returns  towards  the  nearest  sur- 
face and  produces  the  slight  recharge,  or  residual  charge. 

As  no  bodies  are  perfect  insulators,  so  none  are  perfect  con- 
ductors, for  even  the  metals  offer  a  certain  measurable  resistance 
to  the  transmission  of  electricity.  The  following  experiment  will 
serve  to  illustrate  this  point.    Cnarge  a  large  Leyden  jar  (fig.  188), 

and  arrange  a  metallic  wire, 
Fig.  188.  w,  50  or  100  feet  in  length,  so 

as  to  act  the  part  of  a  dis- 
charger; at  tne  same  time 
open  a  short  path  for  Hie  dis- 
charge to  the  outer  coating 
by  bringing  the  balls  a  and  0 
within  a  short  distance  of  each 
other.  Under  this  arrange- 
ment, a  portion  of  the  electri- 
city takes  the  shorter  course 
from  a  to  ft,  and  overcomes  the  high  resistance  of  the  stratum 
of  air  interposed  between  the  balls,  owing  to  the  resistance  ex- 
perienced by  the  discharge  to  its  passage  along  the  continuous 
conducting  wire,  w. 

This  resistance,  even  in  good  conductors,  often  occasions  the 
spark  to  pass  between  two  contiguous  conductors,  and  produces 
what  has  been  called  the  lateral  spark,  which  can  be  elicited, 


Fig.  189. 


a   * 


even  if  the  conductors  subsequently  unite  below.    Thus,  in  fig. 
189,  at  the  moment  a  spark  passes  from  p  to  the  ball,  a>  a  minute 
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spark  will  be  seen  to  pass  between  the  wire  and  the  loop,  ft,  if 
they  be  sufficiently  near  each  other.  This  lateral  spark  may  ac- 
quire sufficient  power  tp  ignite  gunpowder  or  other  combustible 
matter.  In  fact,  momentary  as  is  the  duration  of  the  discharge, 
induction  takes  place  towards  all  surrounding  objects  whilst 
electricity  is  in  motion,  as  well  as  when  it  is  at  rest. 

If  in  a  darkened  room  a  thin  insulated  wire  be  made  to  ter- 
minate at  each  extremity  in  a  metallic  ball,  and  on  one  ball 
large  sparks  be  thrown,  whilst  from  the  other  ball  the  sparks  are 
allowed  to  pass  off  to  some  contiguous  conductor,  the  air  will  be 
seen  to  become  feebly  luminous  from  induction  along  the  whole 
course  of  the  wire  every  time  that  a  spark  passes. 

(240)  Development  of  Heat. — The  passage  of  electricity  through 
conductors  is  attended  with  evolution  of  heat,  the  amount  of 
which  is  inversely  as  the  conducting  power.  Snow  Harris  {Phil. 
Trans.,  1827,  p.  21),  by  means  of  an  air  thermometer  with  a  large 
bulb,  across  which  were  passed  in  succession  wires  of  different 
metals  but  of  equal  length  and  thickness,  found  that  when  equal 
quantities  of  electricity  were  discharged  through  these  wires,  the 
heating  effects  were  as  follows.  The  metals  which  stand  first  on 
the  list  are  the  best  conductors,  and  they  emit  the  least  heat : — 

Development  ofJTeatin  Metals  by  Electricity. 


Copper... 6 

Silver 6 

Gold 9 

Zfato 18 

Platinum • ••.•••.. 80 

Iron 80 

Tm 86 

Lead 1% 


AUop. 

Brass =  18 

Gold  8,  Copper  1 =.25 

Gold  1,  Copper  8 =  15 

Gold  8,  Silver  1 =  25 

Tin  1,  Lead  1 =  54 

Tin  1,  Copper  8 =  18 


It  will  be  seen  that  by  alloying  the  metals  with  each  other, 
the  conducting  power  is  often  greatly  reduced.  Great  care 
should  therefore  be  taken  to  ensure  the  purity  of  Hie  metals  in 
experiments  of  this  nature. 

If  different  quantities  of  electricity  be  transmitted  through  the 
same  wire,  it  is  found  that  the  rise  of  temperature  is  proportional 
to  the  square  of  the  quantity  transmitted  in  equal  times :  for 
example,  if  the  thermometer,  with  a  given  charge,  rise  10°,  a 
charge  of  twice  the  power  will  raise  it  four  times  as  much,  or  40°. 

By  sufficiently  reducing  the  thickness  of  the  conductor  at  on« 
part  of  the  circuit,  the  Jjeat  may  be  raised  so  far  as  to  fuse  the 
wire,  or  even  to  convert  it  into  vapour. 

The  amount  of  electricity  required  to  produce  this  effect,  when 
measured  by  a  unit  jar,  is  found  to  be  equally  powerful  whether 
it  be  diffused  over  a  large  or  small  surface ;  the  intensity  (i.  e. 

auantity  which  passes  through  a  given  space  in  a  given  time)  is 
lie  same  in  the  wire  in  both  cases,  though  the  intensity  of  the 
charge  on  equal  surfaces  of  the  jar  is  very  different.  Where 
large  quantities  of  electricity  are  needed,  a  corresponding  extent 
of  coated  surface  is  requisite ;  this  may  be  obtained  either  by 
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employing  a  single  jar  of  large  dimensions,  or  several  smaller 
ones,  the  inner  surfaces  of  which  are  connected  by  wires,  and  the 
outer  surfaces  likewise  united  by  placing  them  upon  a  sheet  of 
tinfoil,  or  on  a  metallic  tray.  By  discharging  such  a  battery 
through  thin  metallic  wires — of  silver,  steel,  platinum,  or  copper, 
for  instance — they  will  be  fused  and  dispersed. 

The  arrangement  represented  in  fig.  190,  showB  one  method 

of  employing    such  a 
tto.  190.  battery  for  the  deflagra- 

tion of  metallic  wires : 
nine  jars  are  in  this  case 
represented;  they  are 
enclosed  in  a  wooden 
case,  b,  and  rest  on  tin- 
foil, which  communi- 
cates with  the  earth 
through  the  chain  a 
The  battery  is  charged 
from  the  prime  conduc- 
tor p.  The  internal 
coatings  of  all  the  jars 
are  connected  by  cross 
wires.  In  order  to  di- 
rect the  discharge  of  the  battery,  a  wire  passes  from  its  inner 
coating  to  the  insulated  upper  arm,/,  of  the  discharger  a,  a  second 
wire  passes  from  the  ball  ft,  ,to  one  of  the  insulated  wires  on  the 
stand  of  the  universal  discharger  d.  The  wire  for  deflagration, 
Wj  is  fastened  to  a  card  which  is  also  supported  on  a  little  stand 
insulated  bv  glass ;  and  the  communication  with  the  external 
coating  of  tne  oattery  is  continued  by  a  wire  connected  with  the 
other  insulated  support  of  the  universal  discharger  d  ;  thus  the 
conducting  communication  is  complete  with  the  exception  of  the 
interval  between  a  and  ft.  When  the  battery  is  adequately 
charged,  the  lever  I  is  withdrawn,  the  ball  a  and  its  attached 
wire  are  thus  released,  and  fall  through  a  hole  in  the  metallic 
arm/,  which  is  connected  with  the  inner  coating,  and  the  circuit 
is  completed  when  the  balls  a  and  ft  come  into  contact. 

It  must  be  observed  that  in  all  cases  of  conduction  the  charge 
passes  through  the  whole  thickness  of  the  rod  or  wire,  and  is  not 
confined  to  its  surface :  it  therefore  makes  no  difference  whether 
the  metal  is  in  the  form  of  wire,  or  is  extended  over  a  large  sur- 
face as  leaf.  The  induction  at  any  part  of  the  wire  during  the 
discharge  is  mainly  from  one  transverse  section  of  the  wire  to  the 
contiguous  section  that  immediately  precedes  and  that  follows  it. 
Tne  dispersion  of  the  conductor  bv  the  passage  of  high 
charges  of  electricity  leads  us  to  consider  next  what  Faraday 
terms  the  disruptive  discharge. 

(241)  ft.  Disruptive  Discharge. — This  mode  of  discharge  is 
attended  by  sudden  and  forcible  separation  of  the  particles  of  the 
medium  through  which  it  occurs ;  and  it  is  attended  with  extri- 
cation of  light  and  heat.    It  is  best  seen  between  two  conductors 
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separated  by  a  dielectric,  such  as  two  metallic  balls  in  air.  In 
these  cases,  when  a  sudden  bright  spark  passes,  the  discharge  is 
as  complete  ah  if  it  had  been  effected  by  direct  metallic  commu- 
nication. The  particles  of  the  intervening  dielectric  are  brought 
up  to  a  highly  polarized  state,  until  at  length  the  tension  on  one 
particle  rising  higher  than  the  rest,  and  exceeding  that  which  it 
can  sustain,  it  breaks  down ;  the  balance  of  induction  is  thus 
destroyed,  and  the  discharge  is  completed  in  the  line  of  least 
resistance. 

In  all  these  cases,  portions  of  the  solid  conductors  are  de- 
tached, and  by  their  ignition  increase  the  brilliancy  of  the  spark. 
This  transfer  of  material  particles  by  the  spark  is  easily  proved, 
for  if  sparks  be  caused  to  pass  between  a  gold  and  a  silver  ball,  the 
surface  of  the  gold  becomes  studded  with  particles  of  silver,  and 
vice  versd.  If  an  iron  chain  be  laid  on  a  sheet  of  white  paper, 
and  a  powerful  discharge  be  sent  through  it,  each  link  will  leave 
upon  the  paper  a  stain,  arising  from  the  portions  of  the  metal 
wnich  have  been  detached  ;  and  if  the  discharge  be  effected  over 
a  plate  of  glass,  particles  of  the  metal  are  frequently  forced  into 
it.  The  experiment  may  be  varied  by  suspending  the  chain  in  a 
dark  room,  and  passing  the  'discharge  through  it ;  brilliant  defla- 
gration of  the  iron  will  be  seen  at  each  link. 

If  the  sparks  be  taken  between  wires  composed  of  different 
metals,  and  the  light  of  each  spark  be  viewed  through  a  prism, 
the  spectrum  will  in  each  case  exhibit  the  bright  lines  due  to  the 
light  of  the  corresponding  metal  in  the  state  of  vapour  (107). 

Sparks  attended  with  disruption  may  also  take  place  in  the 
midst  of  liquid  dielectrics.  More  rarely  disruption  from  the  force 
of  the  discharge  occurs  in  solids :  occasionally  this  is  exemplified 
in  the  Levden  jar  itself,  the  tension  upon  the  glass  now  ana  then 
rising  so  nigh  that  the  glass  is  perforated.  Across  this  fracture 
discharge  always  afterwards  occurs ;  so  that  no  effective  charge 
in  a  battery  can  be  maintained  till  the  cracked  jar  is  removed. 
This  disruption  of  glass  may  be  produced  at  pleasure  by  bending 
a  wire  so  that  its  point  may  press  against  the  side  of  a  tube  or 
other  vessel  filled  with  some  liquid  dielectric,  such  as  olive  oiL 
On  charging  the  wire  from  the  prime  conductor,  and  applying  a 
ball  to  tne  outside  of  the  tube  opposite  the  end  of  the  wire,  a 
spark  passes,  and  a  minute  perforation  is  produced. 

Great  expansion  of  the  air  occurs  from  the  heat  developed  at 
the  moment  of  the  discharge,  as  is  shown  in  the  following  experi- 
ments. Paste  a  strip  of  tmfoil  on  glass,  cutting  it  through  in 
two  or  three  places  with  a  knife ;  place  a  few  wafers  or  other 
light  bodies  over  the  interrupted  points,  then  discharge  a  jar 
through  the  tinfoil,  and  the  wafers  will  be  immediately  scattered 
in  all  directions.  If  a  card  or  half  quire  of  paper  be  placed  in 
the  direction  of  its  thickness  in  the  track  of  the  discharge,  the 
card  or  the  paper  will  be  burst  outwards  on  both  sides. 

Many  pleasing  experiments  may  be  made  by  causing  a  suc- 
cession of  discharges  to  occur  through  such  interrupted  conduo 


Digitized  by  VjOOQIC 


862  VELOCITY  OT  THE  ELECTRIC  DISOBULBGE. 

tors ;  a  beautiful  display  of  the  electric  light  may  thus  be  ex* 
hibited  in  a  darkened  room. 

(242)  Velocity  of  Discharge. — Of  the  velocity"  of  the  spark 
discharge  some  notion  may  be  formed  from  the  brief  duration  of 
its  light,  which  cannot  illuminate  any  moving  object  in  two  suc- 
cessive positions,  however  rapid  its  motion.  If  a  wheel  be 
thrown  into  rapid  rotation  on  its  axis,  none  of  its  spokes  will  be 
visible  in  daylight,  but  if  the  revolving  wheel  be  illuminated  in 
a  darkened  room  by  the  discharge  of  a  Leyden  jar,  every  part  of  it 
will  be  rendered  as  distinctly  visible  as  though  it  were  at  rest. 
In  a  similar  manner,  the  trees  even  when  agitated  by  the  wind  in 
a  violent  storm,  if  illuminated  at  night  by  a  flash  of  lightning, 
appear  to  be  absolutely  motionless. 

JBv  a  verv  ingenious  application  of  this  principle,  Wheatstone 
has  shown  that  the  duration  of  the  spark  is  less  than  the  one 
millionth  part  of  a  second.  The  apparatus  is  the  same  in  princi- 
ple as  the  revolving  wheel 

By  a  modification  of  the  apparatus,  Wheatstone  was  also 
enabled  to  measure  the  velocity  with  which  the  discharge  of  a 
Leyden  jar  was  transmitted  through  an  insulated  copper  wire. 
He  estimated  the  rate  of  its  passage  at  288,000  miles  in  a  second 
(JPhU.  Trans.,  1834,  p.  589).  For  this  purpose  he  employed  an 
insulated  copper  wire  about  half  a  mile  long,  through  which  a 
Leyden  jar  was  discharged.  This  insulated  circuit  was  inter- 
rupted at  three  points ;  one  of  these  interruptions  was  within  a 
few  feet  of  the  inner  coating  of  the  Leyden  iar ;  the  second  was 
in  the  middle  of  the  wire,  and  the  third  witnin  a  few  feet  of  the 
outer  coating  of  the  jar.  The  parts  of  the  wire  at  which  these 
three  m  breaks  in  the  circuit  occurred  were  all  arranged  side  by 
side  on  an  insulated  disk,  so  that  the  three  sparks  could  be  seen 
simultaneously.    In  fig.  191  a  wire  is  represented  as  proceeding 

Fig.  191. 


from  the  knob  of  the  jar  to  an  insulated  rod ;  when  the  charge 
attains  a  certain  intensity,  a  spark  passes  between  this  rod  and  a 
small  knob  attached  to  the  axis  of  a  revolving  mirror;  m  :  to  one 
extremity  of  this  axis,  the  wire  which  passes  to  the  outer  coating 
is  fastened;  but  the  discharge  is  made  to  traverse  the  whole 
length  of  the  two  intervening  long  contorted  portions  of  wire, 
before  it  reaches  the  outside  of  the  jar.    The  three  sparks,  if 
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viewed  by  the  naked  eye,  appear  to  be  simultaneous.  If  viewed 
through  the  class  plate,  e,  in  a  small  steel  mirror,  m,  to  which  is 
given  a  regulated  bnt  extremely  rapid  revolving  motion  on  an 
axis  parallel  to  its  surface,  the  sparks  appear  no  longer  as  dots 
of  light  in  the  same  horizontal  line,  but  present  the  appearance 
of  three  bright  lines  of  equal  length.  The  two  outer  ones  com- 
mence and  terminate  in  tne  same  horizontal  line,  but  the  middle 
one  occurs  later  than  the  other  two,  and  the  angular  position  of 
the  mirror  has  had  time  slightly  to  advance  before  the  middle 

Spark  appears,  which  consequently  exhibits  an  image  slightly 
isplaced.  As  the  velocity  of  rotation  of  the  mirror  is  recorded 
by  the  register,  ft,  and  the  amount  of  this  angular  deviation  of  the 
image  of  the  central  spark  is  easily  ascertained,  the  retardation 
of  tne  discharge  by  the  copper  wire,  or,  in  other  words,  the  velo- 
city with  which  it  travels  along  it,  can  be  estimated. 

This  experiment  has  another  important  signification,  to  which 
due  weight  appears  hardly  to  have  been  given ;  for  it  affords  a 
convincing  proof  of  simultaneous  action  ana  reaction  in  the  oper- 
ations of  electricity,  and  of  its  existence  as  a  duplicate  force :  at 
the  same  moment  that  a  positive  influence  leaves  the  inner  coat- 
ing, an  equal  amount  of  negative  influence  leaves  the  outer  coat* 
ing,  and  these  two  neutralize  each  other  at  the  central  point  of 
the  conductor,  after  the  lapse  of  an  extremely  minute  but  still 
appreciable  interval  of  time.  It  appears  from  this  experiment 
that  Franklin's  theory  (227),  though  in  many  cases  a  simple  and 
convenient  mode  of  explaining  facts,  is  not  the  true  representa- 
tion of  the  phenomena.  The  theory  of  two  fluids,  or  rather  of 
two  forces  acting  in  opposite  directions,  seems  by  this  experiment 
to  be  demonstrated. 

The  velocity  of  the  electric  discharge  is,  however,  found  to 
vary  with  the  intensity  of  the  charge,  and  with  the  nature  of  the 
conducting  medium  (Faraday,  Phil.  Mag.,  March,  1854).  The 
duration  of  the  discharge  may  be  prolonged  by  causing  it  to  take 
place  through  bodies  of  inferior  conducting  powers.  A  charge 
of  a  given  amount,  if  transmitted  slowly,  may,  by  the  prolonged 
period  through  which  its  heating  powers  can  be  applied  to  a 
combustible,  be  made  to  ignite  bodies,  which  the  same  charge, 
if  more  quickly  transmitted,  would  only  have  dispersed : — for  ex- 
ample, let  two  metallic  wires  be  brought  within  an  eighth  of  an 
inch  of  each  other,  and  let  a  little  loose  gunpowder  be  placed 
over  the  interval — the  powder  will  simply  be  dispersed  if  the 
charge  of  a  Leyden  jar  be  sent  through  the  wires ;  but  if  a  few 
inches  of  wet  string  be  interposed  in  any  part  of  the  circuit,  the 
discharge  will  be  prolonged  sufficiently  to  fire  the  powder. 

(243)  Striking  Distance. — In  air,  whatever  be  its  density,  the 
same  amount  of  charge  produces,  casteris  paribus,  induction  to 
the  same  extent.  But  the  distance  through  which  the  discharge 
of  equal  quantities  of  electricity  takes  place  in  the  same  gaseous 
medium,  varies  inversely  as  the  pressure.  This  might  be  antici- 
pated, since  under  a  double  pressure  double  the  number  of  parti- 
cles of  air  would  exist  in  the  same  space,  and  the  polarity  would 
28 
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therefore  be  transmitted  through  double  the  quantity  of  insula  • 
ting  matter : — so  that,  if  a  given  charge  in  air  of  ordinary  density 
pass  as  a  spark  at  2  inches,  at  donble  the  usual  pressure  the  strik- 
ing distance  would  be  reduced  to  1  inch ;  at  a  pressure  of  one 
half  it  would  be  increased  to  4  inches ;  at  one  quarter,  to  8  inches, 
and  so  on,  until  in  vacuo  theoretically  it  would  pass  through  an 
unlimited  distance.  Experiment,  however,  has  shown  that  a  cer- 
tain portion  of  matter,  though  it  may  be  attenuated  to  an  extent 
almost  beyond  the  limits  of  calculation,  is  necessary  for  the  trans- 
mission of  the  electric  discharge  (312).  If  the  density  of  the  air 
continue  to  be  constant,  it  is  found  that  the  striking  distance 
varies  directly  as  the  intensity  of  the  charge.  For  example :  if 
with  a  certain  charge  the  striking  distance  be  1  inch,  a  double 
charge  wjll  discharge  itself  through  2  inches,  and  a  threefold 
charge  through  3  inches  (Harris).  For  equal  quantities  of  elec- 
tricity the  striking  distance  is  inversely  as  the  extent  of  charged 
surface  j  so  that,  when  a  single  jar  is  charged  with  a  quantity  of 
electricity  sufficient  to  produce  a  discharge  at  TV  of  an  inch,  on 
employing  2  similar  jars  with  the  same  quantity,  the  striking 
distance  is  reduced  to  fV,  and  with  8  similar  jars  to  ft  of  an  inch. 
For  equal  charges,  the  striking  distance,  however,  varies  in  (lif- 
erent gases,  independently  of  their  relative  density,  so  that  each 
S&  has  a  specific  insulating  power.  Hydrochloric  acid  has  twice 
e  insulating  power  of  common  air,  and  three  times  that  of  hydro- 
gen of  equal  elasticity.  This  is  in  striking  contrast  to  the  equality 
of  inductive  capacity  (237)  in  all  gases. 

This  inequality  of  insulating  power  was  proved  by  Faraday 
by  opening  to  the  same  charge  two  separate  paths,  one  of  them 
through  air,  the  other  throueh  a  receiver  filled  with  the  gas  which 
was  to  form  the  subject  of  tne  experiment,  as  shown  in  fig.  192. 

The  distances  between  the  balls  were 
Fro.  192.  varied  until  the  discharge  took  place 

with  equal  facility  in  both  receivers ; 
.as,  ^         the  same  charge  was  thus  found  to 

P^K.  P^^\      *raver8e  double  the  distance  in  air  that 

'  '  '  *      it  did  in  hydrochloric  acid  gas. 

Rarefaction  of  air,  whether  effected 
by  heat  or  by  mechanical  means,  equal- 
ly favours  the  electric  discharge.  A 
jar  may  consequently  be  discharged 
through  several  inches  of  a  common 
flame,  in  which  the  air  is  rarefied  by 
heat  to  nearly  six  times  its  ordinary 
bulk,  the  temperature  of  flame  according  to  Becauerel's  experi- 
ments being  nearly  2200°  F.  A  flame  also  acts  oy  its  pointed 
form  in  dissipating  a  charge  with  great  rapidity,  and  its  prox- 
imity should  be  avoided  in  exact  experiments. 

^Dissipation  of  the  electric  charge  in  dry  air  according  to  Mat- 
teucci  is  not  increased  by  agitation  of  the  air.  Further,  if  the 
gases  are  all  perfectly  dry,  and  at  the  same  temperature  and 
pressure,  the  dissipation  of  the  charge  takes  place  with  equal 
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rapidity  in  air,  in  carbonic  acid,  and  in  hydrogen.  As  the  tem- 
perature rises,  the  dissipation  of  the  charge  increases  in  rapidity, 
the  loss  of  the  charge  being  twice  as  rapid  at  64°  as  at  82°  F.  If 
the  density  of  the  air  be  reduced,  the  intensity  of  the  charge 
which  an  insulated  body  will  retain  is  reduced  also,  but  the  dissi- 
pation of  the  charge  is  very  much  diminished.  Matteucci'found, 
when  an  electroscope,  feebly  charged,  was  placed  in  a  receiver, 
exhausted  till  the  pressure  was  reduced  to  0*118  inch  of  mercury, 
that  the  divergence  remained  unaltered  after  a  lapse  of  two  days. 

The  form  and  size  of  the  spark  depend  upon  the  shape  of  the 
discharging  surfaces  almost  as  much  as  upon  the  intensity  of  the 
charge.  Between  the  rounded  parts  of  the  prime  conductor  and 
a  large  uninsulated  metallic  ball  dense  brilliant  sparks  pass; 
whilst  if  the  same  ball  be  presented  to  a  wire  which  projects  three 
or  four  inches  from  the  conductor,  and  which  terminates  in  a  ball 
an  inch  in  diameter,  a  long,  forked,  and  often  branching  spark, 
resembling  a  miniature  flash  of  lightning,  will  be  obtained. 

When  disruptive  discharge  occurs  between  a  good  conductor 
of  limited  surface  and  a  bad  one  which  exposes  a  larger  surface,  an 
intermitting  and  dilute  spark  or  brush  passes,  winch,  when  it 
occurs  in  air,  consists  of  a  rapid  succession  of  discharges  to  the 
particles  of  air  around :  such  a  brush  has  a  bright  root  with  pale 
ramifications,  attended  with  a  quivering  motion  and  a  subdued 
roaring  noise.  Such  brushes  are  well  seen  when,  the  machine 
being  in  powerful  action,  the  conductor  is  made  to  discharge 
itself  into  the  air  by  means  of  a  blunt  rod  which  projects  from  it. 
The  brush  is  largest  from  a  vitreously  charged  surface,  such  as 
the  prime  conductor  of  the  machine.  From  a  negatively  charged 
surface  this  discharge  occurs  at  a  lower  tension,  and  more  resem- 
bles a  bright  point  or  star  of  light.  The  formation  of  brushes  is 
facilitated  by  rarefying  the  air  around  the  charged  points. 

Some  remarkable  differences  have  been  observed  between  the 
positive  and  the  negative  spark :  for  equal  intensity  of  charge, 
the  striking  distance,  between  a  good  conductor  positively 
charged  ana  an  inferior  conductor,  is  greater  in  air  tnan  from 
the  same  conductor  negatively  charged,  as  may  be  seen  in  using 
the  electrophorus.  The  greater  facility  with  which  positive  elec- 
tricity traverses  the  air  may  also  be  shown  in  the  following  man- 
ner : — Colour  a  card  with  vermilion ;  unscrew  the  balls,  ay  J, 
from  the  discharger,  fig.  190,  and  place  the  points  on  opposite 
sides  of  the  card,  one  about  half  an  inch  above  the  other ;  dis- 
charge a  large  jar  through  the  card.  It  will  be  perforated  oppo- 
site tne  wire  attached  to  the  negative  coating,  and  an  irregular 
dark  line  of  reduced  mercury  will  be  found  extending  on  the 
positive  side  to  the  point  of  the  positive  wire.  If  the  experi- 
ment be  made  in  vaouo,  the  perforation  will  be  formed  midway 
between  the  two  wires.  The  distinction  between  positive  and 
negative  electricity  is  also  beautifully  shown  by  what  are  termed 
Lichtenberg,s  figures,  which  may  be  obtained  as  follows : — Dry 
a  glass  plate,  and  draw  lines  on  it  with  the  knob  of  a  positively 
charged  jar,  then  sift  over  the  plate  a  mixture  of  sulphur  and 
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minium  in  fine  powder ;  on  inverting  the  plate  the  minium  will 
fell  off  and  leave  traces  of  the  lines  in  sulphur.  If  the  experi- 
ment be  made  with  a  jar  negatively  charged,  the  minium  will 
adhere  to  the  traces,  whilst  the  sulphur  will  fall  off.  The  ex- 
planation is  very  simple :  by  the  friction  in  sifting,  the  sulphur 
becomes  negatively,  tne  red  lead  positively  electric,  and  thus  the 
sulphur  attaches  itself  to  the  positively  electrified  lines  upon  the 
glass,  and  the  minium  to  the  negatively  electrified  lines,  in  ac- 
cordance with  the  usual  law  of  electric  attraction.  The  experi- 
ment may  also  be  varied  in  the  following  way : — Take  two  circu- 
lar trays  of  tin-plate  half  an  inch  deep  and  12  or  14  inches  in 
diameter,  fill  them  with  melted  resin  and  allow  them  to  cool ; 
cause  sparks  of  positive  electricity  to  fall  in  8  or  10  places  upon 
one  plate,  and  sparks  of  negative  electricity  in  like  maimer  over 
the  other ;  on  sifting  a  little  brickdust  over  the  two  plates,  the 
dry  powder  will  assume  the  appearance  of  brushes  over  the  plate 
electrified  positively,  and  of  oval  or  circular  patches  upon  the 
negatively  excited  plate.  Other  remarkable  differences  between 
the  sparks  from  positive  and  negative  surfaces  will  be  mentioned 
when  noticing  the  modified  discharges  through  exhausted.tubes 
(812). 

The  colour,  light,  and  sound  of  the  electric  spark  and  brush 
vary  in  different  gases  (106),  the  brush  being  larger  and  more 
beautiful  in  nitrogen  than  in  any  other  gas,  and  its  colour  is 
purple  or  bluish.  The  Bparks  in  oxygen  are  whiter  than  in  air, 
but  less  brilliant.  In  hydrogen  they  are  of  a  fine  crimson  colour. 
In  coal-gas  they  are  sometimes  green  and  sometimes  red ;  occa- 
sionally both  colours  are  seen  in  different  portions  of  the  same 
spark.  In  carbonic  acid  the  sparks  resemble  those  taken  in  air, 
but  they  are  more  irregular  and  pass  more  freely. 

(244)  c.  Connection. — With  a  feebler  charge  the  sonorous 
brush  is  replaced  by  a  quiet  glow,  attended  in  this  case  with  a 
continuous  dispersion  of  the  charge.  The  process  of  disruptive 
discharge  thus  gradually  passes  into  the  third  method — viz.,  that 
by  convection.  When  the  glow  is  Droduced,  a  current  of  air,  the 
particles  of  which  are  individually  charged,  passes  from  the 
charging  surface.  The  course  of  this  current  may  be  exhibited 
by  its  action  on  the  flame  of  a  taper,  which  will  often  be  extin- 
guished if  brought  near  an  electrified  point  which  is  connected 
with  the  machine  in  action ;  and  light  models  may  be  set  in 
motion  by  it  If  the  production  of  the  current  from  the  point  be 
prevented,  as  by  sheltering  the  pointed  wire  in  a  varnished  glass 
tube,  the  brush  or  glow  may  be  converted  into  a  series  of  small 
sparks.  These  currents  may  take  place  in  liquid  dielectrics  as 
well  as  in  gaseous  ones.  Let  a  piece  of  sealing-wax  be  fixed  on 
the  end  of  a  wire  and  attached  to  the  conductor  of  a  machine  in 
action ;  if  it  be  softened  by  the  application  of  the  flame  of  a  spirit 
lamp,  it  will  be  thrown  off  in  filaments  towards  a  sheet  of  paper 
held  near  it.  Solid  insulated  particles  may  also  be  the  medium 
of  convective  discharge,  as  is  seen  when  pith-balls  or  other  light 
substances  are  attracted  and  repelled  by  electrified  objects ;  and 
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in  delicate  experiments  even  the  particles  of  dust  floating  in  the 
atmosphere  are  not  without  effect  in  charging  or  discharging  the 
apparatus  employed. 

The  process  of  convection  assumes  considerable  importance  in 
the  phenomena  of  voltaic  electricity,  where  it  is  intimately  con- 
nected with  chemical  decomposition.     (281  et  eeq.) 

(245)  Other  Sowrces  of  Electricity. — Hitherto  we  have  limit- 
ed our  attention  to  cases  in  which  electricity  is  excited  by  the 
friction  of  dissimilar  substances.  The  development  of  electricity 
by  friction  is,  however,  but  a  special  case  of  a  much  more  general 
law,  for  it  has  been  found  that,  whenever  molecular  equilibrium 
is  disturbed,  a  concomitant  development  of  electricity  takes 
place.  The  following  instances  will  exhibit  the  variety  of  cir- 
cumstances under  which  this  observation  has  been  made.  The 
mere  compression  of  many  crystallized  bodies  is  attended  by 
electric  action :  a  rhombohedron  of  Iceland  spar,  if  compressed 
by  the  fingers,  exhibits  this  peculiarity.  It  is  also  found  that  all 
bodies  that  have  been  pressed  together,  if  properly  insulated, 
offer  signs  of  electricity  on  being  separated ;  although  the  effect 
is  most  eftsily  observed  between  a  good  conductor  and  a  bad  one. 
The  two  bodies  are  always  in  opposite  states.  Even  where  two 
disks  of  the  same  substance  are  pressed  together,  if  one  be  a  little 
warmer  than  the  other,  distinct  excitement  is  produced,  the 
warmer  disk  becoming  negatively  electrified ;  the  intensity  of  the 
charge,  casteris  parilvs^  increases  in  all  cases  directly  as  the  pres- 
sure to  which  they  are  subjected. 

Fracture  is  likewise  attended  with  electric  disturbance ;  the 
freshly  broken  surfaces  of  roll  sulphur  often  exhibit  this  effect 
to  an  extent  sufficient  to  produce  divergence  of  the  leaves  of  the 
electroscope  when  the  fragments  are  placed  upon  the  cap  of  the 
instrument.  The  sudden  rending  asunder  of  the  laminae  of  a 
film  of  mica  in  a  dark  room,  is  usually  attended  with  a  pale  elec- 
trical light,  and  the  separated  portions  in  this  case  exhibit  oppo- 
site electrical  states.  A  melted  substance  in  the  act  of  solidify- 
ing, sometimes  exhibits  electric  excitement.  If  sulphur  be 
allowed  to  solidify  in  a  glass  vessel,  it  becomes  negatively  excited, 
whilst  the  glass  is  renaered  positively  electrical ;  ice  also  is  fre- 
quently  electric ;  and  the  same  thing  has  been  observed  of  choco- 
late as  it  becomes  6olid.  These^  results  are  probably  due  to  fric- 
tion occasioned  by  the  contraction  or  expansion  of  the  solid  mass 
in  the  mould,  from  which  it  detaches  itself  by  this  change  of 
bulk. 

In  some  instances  Bimple  elevation  or  depression  of  tempera- 
ture causes  electric  excitement.  These  effects  are  most  distinctly 
seen  in  crystallized  non-conductors  which  are  not  symmetrical  in 
form,  being  produced  in  bodies  which  are  hemihedral.  Tourma- 
line, boracite,  and  the  crystals  of  tartaric  acid,  offer  the  best  ex- 
amples of  this  description.  The  tourmaline,  for  instance,  com- 
monly assumes  the  form  of  a  three-sided  P£Jsni>  the  edges  of  which 
are  replaced  by  two  narrow  planes,  xhe  extremities  of  the 
crystal  are  formed  by  the  three  faces  of  the  rhombohedron.    No. 
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1,  fi$  193,  shows  the  end  of  the  crystal  which  becomes  positive 
by  heat ;  No.  2,  the  opposite  end  of  the  crystal  which  becomes 

negative.     If*  a  crystal  of 
Fia.  198.         *  tourmaline  be  gently  heat- 

ed, it  becomes  powerfully 
electrical  whilst  the  tem- 
perature is  rising,  one  ex- 
tremity, termed  the  analo- 
gous pole,  becoming  positive, 
the  other  extremity,  or  anti- 
logous pole,  becoming  nega- 
tive.* When  the  tempera- 
ture becomes  stationary,  the  electric  excitement  ceases :  as  the 
crystal  cools  the  effect  returns,  but  the  electric  polarity  is  re- 
versed ;  the  end  of  the  crystal  that  before  was  positive  now 
becomes  negative.  The  particles  of  the  mineral  are  electrically 
polarized  throughout  the  whole  mass ;  for,  if  the  crystal  tie 
broken  while  thus  electrified,  each  fragment  retains  its  polarity, 
being  negative  at  one  end  and  positive  at  the  other.    In  fig.  194, 

No.  1  represents  a  tourmaline 

Fio.  194.  in  which  the  temperature  is 

2  a  jfaMM^^^HH^ -B  rising  uniformly  j  No.  2  the 

same  tourmaline  in  which  the 
2  A.^mammmmKmmitB         temperature  is   falling  uni- 


formly; and  No.  3  shows 
*  ,A«I         A  S         feB     the   effect    upon    a    cooling 

tourmaline  which  has  been 
broken  across.  If  the  tourmaline  be  delicately  poised  upon  its 
centre  whilst  cooling,  these  electric  states  may  be  rendered  ap- 
parent by  bringing  an  excited  glass  tube  near  to  the  mineral : 
one  extremity  will  T>e  attracted  by  the  excited  glass  tube,  while 
the  other  extremity  will  be  repelled.  If  one  end  of  the  crystal 
be  connected  with  the  cap  of  a  sensitive  gold-leaf  electroscope, 
whilst  the  other  extremity  is  in  conducting  communication  with 
the  earth,  the  gold  leaves  will  diverge. 

(246)  Chemical  Action. — No  chemical  change  takes  place  with- 
out the  development  of  electricity.  If  a  clean  platinum  capsule 
be  connected  with  a  sensitive  electroscope  and  condenser,  and  a 
liquid  which  has  no  chemical  action  on  platinum  be  placed  in 
the  capsule,  no  change  shows  itself;  but  if  any  other  more  oxidi- 
zable  metal  in  conducting  connexion  with  the  earth  be  dipped 
into  the  liquid,  the  Uquia  becomes  very  feebhj  but  positively  dec- 
trifled,  whilst  the  metal  which  has  been  acted  upon  by  it  becomes 
negative.  The  intensity  of  the  chemical  action  in  this  form  of 
the  experiment  has  no  influence  upon  the  extent  of  electric  ex- 
citement displayed.  If  zinc  be  the  metal  employed,  and  pure 
water  the  liquid,  the  signs  of  electric  action  are  just  as  powerful 

*  The  crystal  must  not  be  too  strongly  heated, — about  800°  F.  being  the  best  point ; 
If  heated  very  strongly,  as  to  760°,  or  beyond,  the  tourmaline  becomes  a  conductor  forv 
a  time ;  it  resumes  its  insulating  power  on  cooling,  but  is  rendered  hygroscopic  till  after 
it  has  been  washed  and  dried  at  800°.    (Gaugain.) 
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as  if  sulphuric  acid  were  substituted  for  the  water  in  the  capsule ; 
for  the  metal  and  liquid  being  both  good  conductors,  almost  the 
whole  of  the  two  electricities  liberated,  immediately  neutralize 
each  other,  instead  of  passing  one  to  the  condenser,  the  other  to 
the  earth. 

Electricity  is  also  developed  during  the  process  of  combus- 
tion ;  carbon,  for  example,  becoming  negatively  electric,  whilst 
the  carbonic  acid  is  positive.  In  like  manner  hydrogen  in  the 
act  of  burning  was  found  by  Pouillet  to  be  negative,  whilst  the 
vapour  produced  by  it  was  positive. 

(247)  Electricity  of  Vapour. — The  act  of  evaporation  has  also 
been  asserted  to  be  one  of  the  sources  of  electricity,  but  the  truth 
of  this  statement  is  doubtful.  It  is  true  that  if  a  few  drops  of 
water  fall  upon  a  live  coal,  insulated  on  the  cap  of  the  g;old-leaf 
electroscope,  the  leaves  of  the  instrument  diverge.  This,  how- 
ever, is  due  to  the  chemical  action  between  the  coke  and  the 
water,  and  not  to  mere  evaporation ;  for  by  allowing  pure  water 
to  evaporate  in  a  clean  hot  platinum  dish  connected  with  the 
electroscope,  no  signs  of  electric  disturbance  occur.  Pouillet 
found  that  on  allowing  alkaline  solutions  to  evaporate  in  the 
capsule,  the  electroscope  became  charged  positively ;  with  acid 
solutions,  the  charge  given  to  the  electroscope  was  negative :  but 
Peltier  states  that  these  electrical  effects  may  nevertheless  be  due 
to  friction,  as  they  do  not  manifest  themselves  until  the  liquid  is 
nearly  all  driven  off,  and  a  crepitation  of  the  salt  as  it  detaches 
itself  from  the  sides  of  the  capsule  begins  to  occur.  This  is  cor- 
roborated by  Faraday's  observation,  that  if  the  dish  be  heated  to 
redness,  and  pui^e  water  be  dropped  in,  so  long  as  it  evaporates 
quietly  in  the  spheroidal  form  (198)  no  electricity  is  developed ; 
but  the  moment  that  it  cools  down  sufficiently  to  boil  violently 
with  friction  against  the  metallic  capsule,  the  leaves  diverge 
powerfully. 

In  accordance  with  this  observation,  Faraday  has  explained 
the  development  of  electricity  by  high-pressure  steam,  which 
occurs  to  so  remarkable  an  extent  under  certain  circumstances. 
This  he  has  traced  to  the  friction  of  water  accompanying  the 
steam  against  the  orifice  of  the  jet  through  which  it  escapes  into 
the  air.  An  insulated  boiler  from  which  steam  is  allowed  to 
blow  off  at  high-pressure  through  lon£  tubes,  in  which  a  partial 
condensation  of  the  steam  occurs,  furnishes,  as  in  the  hydro-dec- 
trie  machine  of  Armstrong,  exhibited  at  the  Polytechnic  Institu- 
tion, an  admirable  source  of  high  electric  power.  In  this  experi- 
ment, the  boiler  becomes  negative,  the  escaping  steam  being 
positive.  It  is  remarkable  that  the  presence  of  the  smallest 
quantity  of  oil  or  of  essence  of  turpentine  in  the  exit-pipe  reverses 
these  electrical  states.  A  solution  of  acetate  of  lead  produces  a 
similar  effect.  Indeed  the  purer  the  water  that  is  used  in  the 
boiler,  the  better  is  it  for  these  experiments,  and  the  more  uni- 
form are  the  results.  The  electric  condition  of  the  steam  was 
•found  by  Armstrong  to  be  also  influenced  by  the  material  of 
which  the  exit-pipe  was  formed ;  glass,  lead,  copper,  and  tin. 
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each  modifying  the  result.  Wood  appeared  to  be  the  material 
best  adapted  for  use  in  forming  the  orifice  of  the  jet,  as  it  pro- 
duced the  highest  amount  of  charge  by  friction ;  some  bodies, 
such  as  ivory,  produced  scarcely  any  electric  effect  when  used  as 
jets  to  the  pipe. 

Perfectly  dry  steam  is  in  fact  nearly  as  good  an  insulator  of 
electricity  as  atmospheric  air ;  but,  from  the  facility  of  its  con- 
densation, it  easily  produces  upon  cold  surfaces  a  film  of  conduct- 
ing matter  which  destroys  the  insulation. 

(248}  Atmomheriy  Electricity. — Another  source  of  electricity, 
the  origin  of  which  is  at  present  shrouded  in  mystery,  is  the  at- 
mosphere itself,  which  affords  displays  of  electric  phenomena  on 
the  most  magnificent  scale.  The  identity  of  lightning  and  elec- 
tricity had  long  been  suspected  by  electricians ;  but  the  proof  of 
it  was  first  devised  by  Franklin,  who,  by  the  simple  expedient 
of  raising  a  boy's  kite  during  a  thunderstorm,  succeeded  in  ob- 
taining from  the  clouds,  sparks  of  electricity,  with  which  he 
charged  Ley  den  jars,  and  performed  some  of  the  usual  electrical 
experiments.  Such  kite-flying,  however,  forms  a  dangerous  kind 
of  recreation ;  and  experiments  on  atmospheric  electricity  proved 
fatal  to  Professor  Kichman  of  St.  Petersburg,  who,  a  fewyeaw 
after  Franklin's  discovery,  was  killed  by  a  flash  from  his  ap- 
paratus. 

No  sooner  had  Franklin  proved  the  identity  of  lightning  with 
electricity,  than  he  proposed  his  plan  of  averting  the  destructive 
influence  of  lightning  from  buildings,  by  means  of  metallic  con- 
ducting-rods.  In  order  to  render  these  efficient,  they  must  pro- 
ject into  the  air  for  some  distance  beyond  the  highest  point  of 
file  building  to  be  protected.  They  must  also  be  sufficiently  thick 
to  carry  off  the  discharge  without  fusion.  This  is  ensured  by  the 
use  of  a  copper  rod  not  less  than  half  an  inch  in  diameter.  The 
pieces  composing  these  rods  should  be  in  metallic  contact  with 
each  other  throughout  their  length,  and  the  conductor  should 
terminate  in  a  bed  of  moist  earth,  or  better  still,  in  a  well  or  body 
of  water,  so  as  to  secure  free  communication  with  the  soil.  If 
any  considerable  metallic  mass,  such  as  a  leaden  roof,  form  part 
of  the  building,  it  should  be  connected  with  the  conductor  by 
branch  rods,  and  should  also  be  furnished  with  branch  conduc- 
tors into  the  earth.  The  conductors  are  best  placed  exterior  to 
the  walls  of  the  building. 

The  explosive  power  of  lightning  is  so  great  that  its  effects 
may  well  excite  our  awe  and  amazement.  A  single  instance 
may  be  cited  in  illustration  of  this  point.  In  November,  1790, 
the  mainmast  of  ELM.  ship  Elejyhant,  74  ^uns,  was  struck  by  a 
powerful  flash  of  lightning.  This  mast  weighed  18  tons,  it  was 
8  feet  in  diameter,  and  100  feet  long,  and  was  strongly  bound 
together  by  iron  hoops,  some  of  which  were  half  an  inch  thick 
and  5  inches  wide ;  yet  it  was  shivered  into  pieces,  and  the  hoops 
were  burst  open  and  scattered  around,  amidst  the  shattered  frag- 
ments of  the  mast  (Harris).  One  of  the  most  instructive  in-, 
stances  recorded  is  that  of  the  Dido,  which,  when  off  Java  Head, 
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in  May.  1847,  was  Btmck  eoon  after  daylight,  during  a  storm 
attended  with  heavy  rain  and  little  wind,  by  a  tremendous  bifur- 
cated flash  of  lightning,  which  fell  upon  the  main  royal  mast. 
One  of  the  branches  struck  the  extreme  point  of  the  royal  yard- 
arm,  and  in  its  course  to  the  conductor  on  the  mast,  demolished 
the  yard,  and  tore  in  pieces  or  scorched  up  the  greater  part  of 
the  sail ;  the  other  part  fell  on  the  vane-spindle  (the  point  of 
which  showed  marks  of  fusion)  and  truck,  which  last  was  split 
open  on  the  instant  that  the  discharge  seized  the  conductor. 
From  this  point,  however,  the  explosive  action  ceased,  and  the 
discharge  freely  traversed  the  whole  line  of  the  conductor,  from 
the  masthead  downward,  without  doing  further  damage.  One 
of  the  chief  points  of  interest  connected  with  this  case  is  the 
entire  destruction  of  the  yard-arm,  which  was  not  supplied  with 
a  conductor,  and  the  complete  protection  of  the  mast,  which  was 
furnished  with  one.  It  is  also  important  as  provingthe  incorrect- 
ness of  the  law  of  protection  laid  down  by  some  French  writers 
— viz.,  that  a  conductin^-rod  will  protect  a  circular  area  having 
a  radius  double  the  height  of  the  conductor  above  the  highest 
point  of  the  building.  In  all  cases,  the  lightning  will  take  the 
path  of  least  resistance,  and,  from  the  recorded  results  of  expe- 
rience, it  appears  that  that  path  Of  least  resistance  will,  in  about 
seven  times  out  often,  be  such  that  the  lightning  will  strike  the 
highest  point,  if  it  be  furnished  with  a  good  conducting  line  to 
the  earth  or  sea ;  but  it  is  quite  possible  mat  instances  may  occur, 
in  which  the  line  of  least  resistance  may  be  in  a  different  direc- 
tion, or,  as  in  the  case  of  the  Dido,  that  there  may  be  two  such 
lines  where  the  resistances  are  equal. 

If  a  break  occur  in  any  part  of  the  conductor,  explosion  will 
take  place  at  this  spot  when  a  discharge  of  lightning  is  directed 
upon  the  rod,  producing,  in  many  cases,  fearful  destruction.  One 
ol  the  most  awful  catastrophes  of  this  kind  occurred  on  the  18th 
of  August.  1769,  when  the  tower  of  St.  Nazaire  of  Brescia  was 
struck  oy  lightning.  Beneath  this  tower  were  vaults  containing 
upwards  of  90  tons  of  gunpowder,  belonging  to  the  Republic  of 
v  enice.  The  whole  of  this  enormous  quantity  of  powder  ex- 
ploded, destroying  one-sixth  part  of  the  city  of  Brescia,  and  bury- 
ing 3000  persons  beneath  its  ruins.  On  a  small  scale  the  track 
followed  by  the  electricity  may  be  illustrated  by  sending  a  dis- 
charge through  a  series  of  interrupted  conductors,  such  as  gold 
leaf  pasted  upon  paper.  The  portions  of  gold  leaf  in  the  line  of 
the  discharge  will  be  burned  up,  whilst  die  contiguous  portions 
not  included  in  the  track  of  the  electricity  remain  unaltered. 

The  peal  of  thunder  which  accompanies  the  lightning  flash  is 
due,  like  the  snap  which  accompanies  the  discharge  of  a  Leyden 
jar,  to  the  sudden  displacement  of  air,  which,  in  the  case  of  light- 
ning, sometimes  extends  through  a  distance  of  a  mile  or  more. 
The  reverberation  of  the  peal  arises  chiefly  from  the  echoes  pro- 
duced by  objects  upon  the  earth,  and  by  the  clouds  themselves. 
The  flash  from  the  thunder-cloud  is  exactly  analogous  to  the  dis- 
charge of  the  Lejtfen  jar :  the  cloud  and  tne  surface  of  the  earth 
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form  the  two  coatings  to  the  intervening  layer  of  air,  which,  48 
in  the  case  of  the  condenser,  supplies  the  place  of  the  glass,  whilst 
a  church  steeple,  or  any  projecting  object,  acts  the  part  of  a  dis- 
charging rod.* 

Bat  it  is  not  only  daring  a  storm  that  the  atmosphere  exhibits 
signs  of  electricity.  In  fine  weather,  if  a  flame,  or  a  pointed  rod, 
be  connected  with  an  electroscope,  the  instrument  usually  di- 
verges positively.  Before  rain,  the  instrument  often  assumes  a 
negative  Btate :  in  general,  the  rain  that  first  falls  after  a  depres- 
sion of  the  barometer  is  charged  negatively.  It  frequently  hap- 
pens that  the  rain  is  negatively  charged,  although  the  atmo- 
sphere, both  before  and  after  its  fall,  exhibits  signs  of  positive 
charge.  Fogs,  snow,  and  hail,  if  unattended  with  rain,  are  nearly 
alwayB  positively  charged  in  a  high  degree.  It  appears  to  lie 
probable  that  the  clouds  are  almost  always  positive.  In  most 
cases,  when  negative  electricity  is  observed  in  the  instruments  it 
is  simply  due  to  an  effect  of  induction. 

In  winter,  the  atmospheric  charge  is  usually  higher  than  in 
summer.  According  to  Quetelet,  whose  conclusions  are  based 
upon  a  series  of  five  years'  uninterrupted  observations,  the  atmo- 
spheric electricity  attains  an  average  maximum  in  January,  and 
steadily  decreases  till  June,  when  it  is  at  its  minimum :  from  this 
period  it  again  progressively  increases  till  January,  in  which 
month  the  intensity  of  the  electricity  is  thirteen  times  as  high  as 
it  is  in  June.  The  electricity  of  the  air  may  be  stated  generally 
to  be  higher  in  a  cloudless  than  in  a  cloudy  sky.  Only  once  dur- 
ing the  months  of  October,  November,  December,  and  January, 
has  he  obtained  proof  of  negative  electricity  in  the  air. 

The  intensity  of  the  charge  varies  likewise  duringeach  twenty- 
four  hours ;  it  has  two  maxima  and  two  minima.  The  first  maxi- 
mum is  before  eight  o'clock  a.m.  in  summer,  and  before  ten  a.ic 
in  winter ;  the  second  after  nine  p.m.  in  summer,  and  before  six 
p.m.  in  winter.  The  first  minimum  is  uniformly  about  four  ajl, 
and  the  second  about  three  p.m.  in  summer,  and  one  p.m.  in 
winter. 

The  observations  made  for  some  years  at  the  Kew  observatory 
by  Ronalds,  furnish  results  closely  according  with  those  of  Que- 
telet.f 

An  ingenious  experiment  bv  Becquerel  shows  that  the  inten- 
sity of  the  charge  increases  with  the  elevation  above  the  earth's 
surface,  and  according  to  Quetelet's  observations,  the  increase  in 
intensity  is  proportional  to  the  height.  This  law  of  Quetelet  has, 
however,  been  verified  only  for  heights  not  exceeding  16  feet 

*  These  electrical  accumulations  are  often  renewed  with  extraordinary  rapidity.  On 
the  6th  of  July,  1846,  about  10  p.m.,  after  a  clear  hot  day,  in  the  masses  of  Tapour 
forming  a  bank  of  cumuli,  I  counted  in  two  minutes  88  flashes  unattended  by  thunder; 
and  several  times  during  the  same  evening,  I  observed  between  80  and  40  discharges 
from  one  cloud  to  another,  per  minute. 

f  For  an  interesting  discussion  of  the  theory  of  the  development  of  atmospheric 
electricity,  the  reader  is  referred  to  Delarive's  Treatue  on  Electricity,  Walker's  transla- 
tion, vol  iil  p.  116,  et  teq. 
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Becqaerel's  experiment  was  the  following :— Having  ascended 
Mount  St.  Bernard,  he  attached  one  end  of  an  insulated  gilt 
thread  to  the  shaft  of  an  arrow,  and  connected  the  other  extrem- 
ity with  the  cap  of  an  electroscope  by  a  running  knot.  The 
arrow  was  then  discharged  in  a  vertical  direction  by  means  of  a 
bow;  as  it  ascended,  the  leaves  expanded  gradually  till  they 
struck  the  sides  of  the  glass.  When  the  full  length  of  the  thread, 
was  attained,  the  upward  motion  of  the  arrow  detached  it  alto- 
gether from  the  electroscope,  leaving  the  instrument  charged 
positively.  On  repeating  the  experiment,  shooting  the  arrow 
horizontally,  no  charge  at  all  was  obtained.  Similar  results  may 
be  obtained  on  a  clear  day  by  ascending  a  lofty  eminence  or 
building,  to  avoid  the  induction  of  near  objects,  and  taking  a 
gold-leaf  electroscope,  terminating  above  in  a  ball.  The  electro- 
scope being  now  in  a  neutral  state,  it  will,  if  elevated  only  for  a 
foot  or  two,  diverge  with  positive  electricity.  On  bringing  it 
back  to  its  original  position,  the  leaves  collapse,  and  on  depress- 
ing it  below  this  point,  the  leaves  again  separate  with  the  oppo- 
site electricity. 

Electricity  developes  itself  in  the  atmosphere  in  other  forms ; 
thus  luminous  brushes,  stars,  and  glows,  have  been  frequently 
observed  in  stormy  weather  on  the  extremities  of  the  masts  and 
yard-arms  of  ships,  on  the  points  of  weapons,  and  occasionally 
even  on  the  tips  of  the  fingers.  These  phenomena  are,  in  fact, 
cases  of  brush  discharge  upon  a  large  scale,  and  are  in  many  in- 
stances attended  with  a  roaring  noise  like  that  of  a  burning  port- 
fire. Appearances  of  this  description  formerly  went  by  the  name 
of  St.  JSvmo'sjire  ;  our  own  sailors  term  them  comazante. 

(249)  Aurora  BoreaUs. — Another  very  beautiful  meteor 
which  is  sometimes  seen  in  this  country  in  clear  frosty  nights, 
but  which  is  observed  very  frequently  in  higher  latitudes,  has 
probably  an  electrical  origin.  This  is  the  aurora  borealis.  It 
has  been  supposed  to  be  occasioned  by  the  passage  of  electricity 
through  the  rarefied  portions  of  the  upper  regions  of  the  atmo- 
sphere from  the  poles  towards  the  equator,  but  the  explanation  is 
unsatisfactory,  and  not  adequate  to  account  for  the  effects  ob- 
served. The  varieties  of  coloured  light  exhibited  by  the  aurora 
may,  however,  be  imperfectly  imitated  on  a  small  scale  by  dis- 
charging a  continued  or  an  intermittent  supply  of  electricity 
through  a  vessel  partially  exhausted  of  air. 

The  forms  which  the  aurora  assumes  are  very  varied,  and  of 
extraordinary  beauty ;  there  is,  however,  usually  some  general 
similarity  in  its  aspect  at  the  same  locality.  Commonly,  streams 
of  light  are  seen  shooting  upwards  from  the  northern  horizon. 
These  -streams  are  frequently  observed  to  meet  together  in  the 
zenith,  and  produce  an  appearance  as  if  a  vast  tent  were  expand- 
ed in  the  heavens,  glittering  with  gold,  rubies,  and  sapphires. 

A  remarkable  connexion  has  been  observed  between  the 
aurora  and  the  magnetism  of  the  earth;  the  magnetic  needle 
being  very  generally  disturbed  during  a  display  of  the  aurora. 
The  arches  of  the  aurora  most  commonly  traverse  the  sky  at 
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right  angles  to  the  magnetic  meridian,  though  deviations  from 
this  direction  are  not  rare.  Sir  J.  Franklin  found  that  the  dis- 
turbance of  the  needle  was  not  always  proportionate  to  the  agita- 
tion of  the  aurora,  but  was  always  greater  when  the  quick  mo- 
tion and  vivid  light  were  observed  to  take  place  in  a  hazy  atmo- 
sphere. The  aurora  is  most  frequent  and  vivid  in  high  lati- 
tudes towards  either  pole,  but  the  meteor  is  not  confined  to  these 
Earts,  as  Dr.  Hooker  states  that  one  of  the  most  brilliant  displays 
e  ever  witnessed  was  under  the  tropical  sky  of  India ;  and  other 
observers  have  recorded  instances  of  its  appearance  in  the  equa- 
torial districts  of  the  globe. 

The  altitude  of  the  aurora  varies  considerably ;  there  is  no 
doubt,  however,  that  it  frequently  occurs  at  small  elevations. 
Both  Franklin  and  Perry  record  examples  of  its  appearing  below 
the  level  of  the  clouds,  which  they  describe  as  concealed  behind 
the  masses  of  its  light,  and  as  reappearing  when  the  meteor  van- 
ished. There  appear  to  be  two  distinct  kinds  of  aurora,  one 
dependent  upon  local  causes,  as  in  the  cases  last  mentioned, 
wmle,  in  the  other,  the  causes  are  probably  cosmical,  and  the 
auroral  effects  are  seen  at  very  distant  points  of  the  earth's  sur- 
face.   (Sabine.) 

§  III.  Galvanic  or  Voltaic  ELEcrrwonT. 

(250)  GahxmPs  Discovery. — About  the  year  1790  Galvani 
made  the  observation  that  convulsive  movements  were  produced 
in  the  limbs  of  a  frog  recently  killed,  if  brought  into  contact  with 
two  dissimilar  metals,  such  as  zinc  and  copper,  which  were  them- 
selves in  contact.  The  experiment  may  be  readily  repeated  in 
the  following  manner : — Expose  the  crural  nerve  (n,  fig.  195)  of  a 

recently  killed  frog,  touch  it 

Fio.  HHi with  a  strip  of  zinc,  z,  and  at 

the  same  tune  touch  the  sur- 
face of  the  thigh,  m,  with  one 
end  of  a  bit  of  copper  wire, 
o ;  the  moment  that  the  other 
end  of  the  copper  wire  is 
made  to  touch  the  zinc,  the 
limb  is.  convulsed :  but  the 
convulsions  cease  when  the 
two  metals  are  separated  from 
each  other,  though  they  are  still  in  contact  with  the  animal 
tissues.  Each  time  that  the  zinc  and  copper  are  made  to  touch 
each  other,  the  convulsion  is  renewed.  A  live  flounder  laid  upon 
a  pewter  plate  shows  no  particular  sign  of  uneasiness ;  a  silver 
spoon  may  also  be  laid  upon  its  back  without  any  apparent 
effect :  but  if  the  spoon  be  made  to  touch  the  pewter  wnile  it 
rests  on  the  fish,  the  animal  becomes  strongly  convulsed.  If  a 
piece  of  zinc  and  a  shilling  be  placed  one  above  and  the  other 
under  the  tongue,  no  particular  sensation  is  perceived  so  long  as 
the  two  metals  are  kept  separate,  but  if  the  silver  and  the  zinc  be 
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allowed  to  touch  each  other,  a  peculiar  tingling  sensation  or 
taste  is  experienced ;  and  if  the  silver  be  placed  between  the 
upper  lip  and  the  teeth  instead  of  under  the  tongue,  each  time 
that  the  two  metals  are  brought  into  contact,  not  only  will  a  taste 
be  perceived,  but  a  momentary  flash  of  light  will  appear  to  pass 
before  the  eye. 

These  phenomena  are  all  analogous  to  each  other,  and  have 
an  electrical  origin ;  and  by  tracing  them  to  this  source,  a  branch 
of  electrical  science  has  gradually  been  developed,  which  in 
honour  of  its  first  discoverer  has  been  termed  galvanism.  The 
term  galvanism,  or  voltaic  electricity^  as  it  is  also  called,  in  re- 
membrance of  the  researches  of  Yolta  in  this  field,  is  applied  to 
electricity  which  is  set  in  motion  by  chemical  action.  It  is 
usually  developed  by  the  contact  of  two  dissimilar  metals  with  a 
liquid. 

•  (251)  Elementary  Voltaic  Circuits. — These  effects  may  be 
traced  by  very  simple  means.  When  a  plate  of  zinc  is  immersed 
in  diluted  sulphuric  acid,  the  metal  becomes  rapidly  dissolved,  and 
an  extrication  of  hydrogen  gas  takes  place,  and  the  zinc  becomes 
dissolved  in  the  sulphuric  acid.  But  if  the  surface  of  the  zinc, 
after  it  has  been  cleansed  by  immersion  in  the  acid,  be  rubbed 
over  with  mercury,  a  brilliant  amalgam  is  speedily  formed  over 
the  whole  face  of  the  zinc.  Such  a  plate  may  then  be  plunged 
into  the  acid,  and  it  will  remain  without  undergoing  any  chemi- 
cal change  for  hours.  The  cause  of  this  inactivity  of  the  zinc  is 
not  satisfactorily  accounted  for,  but  the  fact  is  continually  made 
use  of  in  voltaic  experiments.  The  addition  of  a  second  amalga- 
mated zinc  plate,  whether  it  be  in  contact  with  the  first,  or  be 
separated  from  it,  produces  no  change.  But  if  the  second  plate 
be  of  platinum,  of  copper,  or  of  some  metal  which  is  less  rapidly 
acted  on  by  the  acid  than  zinc  is,  although  no  action  will  occur 
whilst  the  two  plates  remain  separate  (as  shown  in  fig.  196, 1), 


yet  the  moment  that  they  are  allowed  to  touch  each  other,  either 
above  (2)  or  beneath  (3)  the  surface  of  the  liauid,  bubbles  of  gas 
will  escape  from  the  surface  of  the  platinum.  The  platinum,  how* 
ever,  is  not  acted  upon  chemically  in  this  case ;  if  the  two  metals 
be  weighed  before  the  experiment  is  commenced,  and  again  after 
it  is  concluded,  the  weight  of  the  platinum  will  be  found  to  be 
unaltered ;  but  the  zinc  will  have  been  partially  dissolved,  and 
will  weigh  less  than  if  did  before.    The  gas  may  easily  be  col- 
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lected  by  filling  a  tube  with  diluted  acid,  and,  after  introducing 
the  platinum  plate,  inverting  the  tube  in  the  glass,  so  that  the 
lower  edge  of  the  platinum  may  touch  the  strip  of  zinc  (No.  3). 
On  examining  the  gas  which  rises  in  the  tube  it  will  be  found  to 
be  pure  hydrogen.  It  is  not  necessary  that  the  two  plates  should 
directly  touch  each  other.  They  may  be  connected  by  means  of 
a  metallic  wire  (as  at  4.  fig.  196),  by  a  piece  of  graphite,  or  by 
any  good  conductor  of  electricity ;  gas  will  continue  under  these 
circumstances  to  rise  from  the  platinum  plate ;  but  if  a  glass  rod, 
a  stick  of  shell-lac,  a  bit  of  gutta  percha,  or  any  electric  insulator 
be  made  the  medium  of  intercommunication,  all  signs  of  action 
will  cease.  The  length  of  the  metallic  wire  employed  is  com- 
paratively unimportant ;  it  may  vary  from  a  few  incnes  to  many 
miles,  and  in  either  case  it  will  enable  the  action  across  the  liquid 
to  take  place.  A  pair  of  plates  of  dissimilar  metals  in  effectual 
communication,  either  by  direct  contact  or  through  the  medium 
of  a  wire,  when  immersed  in  a  liquid  which  acts  chemically  upon 
one  of  them,  constitutes  a  vdUaio  circuit. 

(252)  Activity  of  the  Conducting  Wire. — The  wire  or  other 
medium  of  communication,  during  the  time  that  it  forms  the 
connexion  between  the  two  metals,  exhibits  signs  of  activity 
which  it  did  not  before  possess ;  it  exerts  a  variety  of  influences 
upon  surrounding  bodies,  and  it  loses  these  powers  immediately 
that  the  contact  with  the  metallic  plates  is  broken.  For  in- 
stance, the  temperature  of  the  wire  is  for  the  time  elevated.  This 
may  be  proved  by  causing  the  wire  to  traverse  the  bulb  of  a 
delicate  air  thermometer,  or  by  making  a  compound  metallic 
ribbon,  such  as  is  used  in  Breguet's  thermometer  (140),  part  of 
the  chain  of  communication  between  the  plates.  If  a  portion  of 
the  wire  be  sufficiently  reduced  in  thickness,  visible  ignition  of 
such  portion  may  even  be  produced.  ♦  Indeed  the  quantity  of  heat 
given  out  by  the  connecting  wire  may  be  employed  as  a  measure 
of  the  amount  of  force  which  it  is  transmitting. 

(253)  Action  of the  Condudmg  Wire  mike  Magnetic  Needle. 
— Another  remarkable  proof  of  the  activity  of  the  wire  which 
connects  the  two  metallic  plates,  is  exhibited  in  the  peculiar  in- 
fluence which  it  exerts  over  a  magnetic  needle  freely  suspended 
in  a  direction  parallel  to  the  wire.  Such  a  needle  tends  to  place 
itself  at  right  angles  to  the  wire.  If  the  wire  and  the  needle 
be  previously  arranged  in  the  magnetic  meridian,  the  amount  of 
deviation  in  the  needle  affords  a  comparative  measure  of  the  force 
which  is  conveyed  by  the  wire,  as  the  needle  ultimately  assumes 
a  position  of  equilibrium  between  the  directive  power  of  the 
earth's  magnetism  and  that  of  the  wire  (252). 

The  movements  of  such  a  magnetic  needle  afford  one  of  the 
most  delicate  tests  of  the  development  of  galvanic  electriqjty,  or 
of  electricity  in  motion.  It  will  therefore  be  necessary  to  ex- 
amine the  direction  and  nature  of  these  movements. 

The  direction  of  the  needle  under  any  circumstances  may 
easily  be  calculated  by  recollecting  the  following  rule : — When 
the  wire  is  placed  m  the  magnetic  meridian,  with  the  end  con- 
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neoted  with  the  mnojplate  toward*  the  north,  and  the  needle  is 
pLated  below  the  wvre,  the  marked  end  will  deviate  westward. 
When  the  needle  is  above  the  wire,  the  marked  end  will  move 
towards  the  east.    The  first  effect  is  shown  in  fig.  197, 1 ;  the 


Fig.  197. 
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second  in  2.  On  reversing  the  attachment  of  the  wire  to  the 
plates,  the  phenomena  will  m  each  case  be  inverted.  By  means 
of  a  simple  model,  the  direction  of  the  needle  under  any  condi- 
tions may  be  readily  indicated : — Across  a  square  strip  of  wood 
nail  a  cylindrical  piece  at  right  angles ;  let  the  square  rod  repre- 
sent the  magnetic  needle,  the  round  rod  the  connecting  wire  (fig. 
197,  3  and  4),  then  mark  upon  the  square  rod  the  letters  n  and  8, 
and  on  the  round  rod,  p  and  z,  in  conformity  with  the  rule  just 
given ;  by  placing  the  model  in  any  given  position,  the  relative 
effect  of  the  wire  upon  the  needle  under  these  circumstances  will 
be  shown. 

Even  the  liquid  part  of  a  voltaic  circuit  acts  thus  upon  the 
magnetic  needle.  This  may  be  shown  by  suspending  a  needle, 
n  *,  fig.  198,  by  means  of  a  fibre  of  silk,  over 
a  dish  of  diluted  sulphuric  acid.  On  one 
side  of  this  dish  a  zinc  plate,  z,  is  inserted, 
on  the  other,  a  plate  of  platinum,  p.  The 
needle  must  be  placed  so  that  one  of  its  ends 
may  point  towards  one  plate,  and  the  other 
end  towards  the  other  plate.  If  the  two 
plates  be  now  connected  by  a  wire,  as  shown 
in  the  figure,  the  needle  will  be  deflected, 
and  will  place  itself  nearly  parallel  to  the 
metallic  plates. 

(254)  The  Galvanometer. — Since  every 
part  of  the  circuit  acts  equally  upon  the 
needle,  and  since  it  is  possible  to  make  several  parts  act  simulta- 
neously upon  it,  actions  may  be  rendered  perceptible  which  would 
otherwise  be  too  weak  to  influence  its  motion.  Fig.  199  will 
convey  an  idea  of  the  principle  upon  which  this  is  effected.  Sup- 
nose  the  wire  connecting  the  plates  p  and  z  to  be  bent  into  a 
loop  with  parallel  sides.    If  a  magnetic  needle  be  suspended 
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between  the  wires,  and  parallel  to  them,  the  loop  and  the  needle 
being  both  in  the  magnetic  meridian,  with  the  end  n  pointing  to 

the  north,  the  marked  end  of  the 
needle  wonld  be  impelled  westward 
under  the  influence  of  the  force  in 
the  npper  branch ;  and  as  the  cur- 
rent returns  in  the  reverse  direction 
through  the  lower  wire,  this  ten- 
dency of  the  north  end  westward 
would  be  doubled.  By  increasing 
the  number  of  coils  which  are 
placed  around  the  needle  parallel 
to  each  other,  very  feeble  actions 
may  be  rendered  evident.  An  in- 
strument constructed  on  this  princi- 
ple is  termed  a  galvanometer. 
The  sensibility  of  the  galvanometer  may,  however,  be  still 
further  increased  by  placing  outside  the  coil  a  second  magnetic 
needle  with  its  poles  reversed ;  the  directive  force  of  the  earth 
may  be  thus  almost  exactly  neutralized ;  its  attractive  power 
upon  the  north  end  of  one  needle  being  almost  exactly  counter- 
balanced by  its  repulsive  action  upon  the  south  end  of  the  needle 
which  is  parallel  to  it.  A  pair  of  needles  thus  arranged  consti- 
tutes what  is  termed  an  astatic  combination.  A  very  feeble 
force  will  be  sufficient  to  drive  one  particular  extremity  of  such 
a  pair  of  needles  to  the  east  or  to  the  west ;  but  the  second  needle 
being  outside  the  coil,  will  be  acted  upon  by  the  upper  wires  only, 
the  lower  ones  being  at  too  great  a  distance,  to  produce  any  sen- 
sible effect.  The  action  of  the  upper  wires  upon  the  needle  above 
them  coincides  with  their  action  upon  the  lower  needle,  with  its 
reversed  poles :  and  the  effect  of  a  feeble  current  is  thus  materi- 
ally increased  by  these  combined  actions.  The  conducting  wire 
must  be  covered  with  silk  with  a  view  to  preserve  each  coil  duly 
insulated  from  the  contiguous  ones. 

The  astatic  galvanometer  is  rep- 
Fio.  200.  resented  in  fig.  200.    The  needles, 

a±  n  *,  *n,  are  suspended,  one  within 

jfc  and  the  other  above  the  coil  of 

wire,  w  w}  by  means  of  a  fibre  of 
silk,  d9  the  whole  being  enclosed 
within  the  glass  case,  a.  The 
parallelism  of  the  two  needles  to 
each  other  is  maintained  under  all 
circumstances,  by  causing  each  of 
them  to  pass  transversely  through 
the  same  piece  of  straw,  or  by  con- 
necting them  together  by  means 
of  a  piece  of  fine  copper  wire ;  the 
fibre  d  is  attached  to  the  upper  ex- 
tremity of  the  straw  or  the  wire. 
By  means  of  a  screw  at  a,  the  point  of  suspension  of  the  silk  can 
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be  raised  or  lowered  without  twisting  it,  so  that  when  the  needles 
are  not  in  nse  their  weight  need  not  be  supported  by  the  silk 
fibre,  o  o,  is  a  sheet  of  copper  provided  with  a  graduation  on 
its  margin  for  estimating  the  angular  deviation  of  the  needles ; 
i,  ft,  are  binding-screws  for  connecting  the  extremities  of  the  coil 
with  the  wires  which  transmit  the  current ;  *  the  apparatus  can 
be  levelled  by  means  of  the  screws,  m,  m ;  and  at  *,  a  lever  is 
shown  by  which  the  coil  of  wire  w,  can  be  placed  accurately 
parallel  with  the  magnetic  needles,  so  as  to  make  them  coincide 
with  the  zero  of  the  graduated  circle.  Such  an  instrument  may 
be  made  not  only  to  indicate  the  existence  of  voltaic  action,  but 
also  to  measure  its  amount.  When  the  deviations  of  the  needle 
are  small,  not  exceeding  15°  or  20°.  the  number  of  degrees  of 
deviation  gives  nearly  accurately  tne  relative  force;  but  for 
angles  of  greater  magnitude,  this  is  not  the  case,  because  the 
more  the  needle  deviates  from  parallelism  to  the  wire,  the  more 
obliquely  And  therefore  the  less  powerfully  does  the  force  act 
whicn  occasions  its  motion ;  and  it  becomes  necessary  to  deter- 
mine the  value  of  the  degrees  by  direct  experiment.  It  would 
require  a  greater  amount  of  power  to  move  the  needle  from  20° 
to  25°,  than  from  20°  to  15* :  and  a  still  greater  to  produce  a 
deviation  from  30°  to  35° ;  but  the  force  required  in  each  case  is 
definite,  and  consequently  may  be  estimated  and  measured,  f 


*  Instead  of  binding-screws,  it  is  not  uncommon  to  employ  small  cups  containing  i 
cnry  as  the  means  of  completing  the  metallic  communication  between  the  different  parti 
of  the  circuit ;  the  ends  of  the  wires  should  be  made  perfectly  bright  before  immersing 
them  in  the  mercury.  Copper  wires  may  be  easily  amalgamated  superficially  by  scour' 
ing  them  with  fine  emery-paper  and  moistening  them  with  a  solution  of  nitrate  of  mer- 
cury ;  the  perfection  of  the  contact  is  thus  ensured. 

f  Melloni's  method  of  graduating  a  galvanometer  is  the  following,  quoted  by  TyndaH, 
p.  865  of  his  work  on  Beat  considered  at  a  Mode  p.a   ©01 

of  Motion:— i Two  small  vessels,  t,  t,  fig.  201,are 
half  filled  with  mercury,  and  connected  separate- 
ly by  two  short  wires,  with  the  extremities,  o,  e, 
of  the,  galvanometer.  The  vessels  and  wire  thus 
disposed  make  no  change  in  the  action  of  the  in- 
strument, the  thermo-electric  current  being  free- 
ly transmitted  as  before  from  the  pile  to  the  gal- 
vanometer. But  if,  by  means  of  a  wire,  v,  a 
communication  be  established  between  the  two 
▼easels,  part  of  the  current  will  pass  through  this 
wire  and  return  to  the  pile.  The  quantity  of 
electricity  circulating  in  the  galvanometer  will  be  thus  diminished,  and  with  it  the  de- 
flection of  the  needle. 

Suppose,  then,  that  by  this  artifice  we  have  reduced  the  galvanometric  deviation  to 
its  fourth  or  fifth  part— in  other  words,  supposing  that  the  needle  being  at  10  or  12  de- 
grees under  the  action  of  a  constant  source  of  heat  placed  at  a  fixed  distance  from  the 
pile,  that  it  descends  two  or  three  degrees  when  a  portion  of  the  current  is  diverted  by 
the  external  wire ;  I  say  that  by  causing  the  source  to  act  from  various  distances,  and 
observing  in  each  case  the  total  deflection  and  the  reduced  deflection,  we  have  all  the 
data  necessary  to  determine  the  ratio  of  the  deflections  of  the  needle,  to  the  forces  which 
produce  these  deflections. 

To  render  the  exposition  clearer,  and  to  furnish  at  the  same  time  an  example  of  the 
mode  of  operation,  I  will  take  the  number  relating  to  the  application  of  the  method  to 
one  of  my  Thermo  multipliers. 

The  external  circuit  being  interrupted,  and  the  source  of  heat  being  sufficiently  dis- 
tant from  the  pile,  to  give  a  deflection  not  exceeding  ft  degrees  of  the  galvanometer,  let 
24 
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(255)  Allusion  has  already  been  made  to  the  physiological 
*  action  of  the  current,  in  consequence  of  which,  if  a  living  animal, 

the  wire  be  placed  from  v  to  v;  the  needle  falls  to  1**5.  The  connexion  between  the 
two  reesels  being  again  interrupted,  let  the  source  be  brought  near  enough  to  obtain 
successively  the  deflections : — 

6°,  10#,  15°,  20*,  26°,  80°,  86%  40°,  45°. 

Interposing  after  each  the  same  wire  between  t  and  y,  we  obtain  the  following  num- 
bers:— 

l°-5,  8*,  4°-5,  6*-8,  8°-4, 1V%  15°8,  22*4,  290-?. 

Assuming  the  force  necessary  to  cause  the  needle  to  describe  each  of  the  first  degrees 
of  the  galvanometer  to  be  equal  to  unity,  we  hare  the  number  5  as  the  expression  of 
the  force  corresponding  to  the  first  observation.  The  other  forces  are  easily  obtained 
by  the  proportions : — 

5 
1*5  :  5=a :  z=—-  «=8*888  a 
1*5 

(that  is  to  say,  one  reduced  current  is  to  the  total  current  to  which  it  corresponds,  as 
any  other  reduced  current  is  to  its  corresponding  total  current),  where  a  represents  the 
deflection  when  the  exterior  circuit  is  closed.    We  thus  obtain-— 

5, 10, 15%  21,  28,  87'8, 

for  the  forces  corresponding  to  the  deflections—- 

6*,  10°,  15*,  20°,  25°,  80°. 

In  this  instrument,  therefore,  the  forces  are  sensibly  proportional  to  the  arcs,  up  to 

nearly  15  degrees.    Beyond  this  the  proportionality  ceases,  and  the  divergence  augments 

as  the  arcs  increase  in  size. 

The  forces  belonging  to  the  intermediate  degrees  are  obtained  with  great  ease  either 

by  calculation  or  by  graphical  construction,  which  latter  is  sufficiently  accurate  for 

these  determinations.    By  these  means  we  find- 
Degrees 18*     14°     15°     16°    17°     18°     19°    20°    21° 

Forces 18      141   152   168  17'4  18*6  19'8   21      22-8 

*      Differences 1-1      M     VI    1-1     1-2     1-2    1-2    1*8 

Degrees. 22°    28*    24°    25°    26°    27°    28°    29°    80° 

Forces 28-6  24*9  26*4  28      29*7  81*5  88*4  85*8  87*8 

Differences 1-4     1*5     1*6    VI     1*8     1*9     1*9      2 

In  this  table  we  do  not  take  into  account  any  of  the  degrees  preceding  the  18  th,  be- 
cause the  force  corresponding  to  each  of  them  possesses  the  same  value  as  the  deflec- 
tion. 

The  forces  corresponding  to  the  first  80  degrees  being  known,  nothing  is  easier,  than 
to  determine  the  values  of  the  forces  corresponding  to  85, 40,  45  degrees  and  upwards. 

The  reduced  deflections  of  these  three  arcs  1 


15°-8,  22°-4,  29*-f. 

Let  us  consider  them  separately,  commencing  with  the  first  In  the  first  place, 
then,  16  degrees,  according  to  our  calculation,  are  equal  to  15*2 ;  we  obtain  the  value 
of  the  decimal  0*8  by.  multiplying  this  fraction  by  the  difference  1*1,  which  exists  be- 
tween the  15th  and  16th  degrees ;  for  we  have  evidently  the  proportion— 

1  1  :  M  =  0-8  :  x  =  0-8. 

The  value  of  the  reduced  deflection  corresponding  to  the  85th  degree  will  not  therefore 
be  15°'8,  but  15°-2+0°-8= 155.  By  similar  considerations  we  find  28°-5+0°-6=84o-l 
instead  of  22%  and  36°*7  instead  of  29°*7  for  the  reduced  deflections  of  40  and  45 
degrees. 

It  now  only  remains  to  calculate  the  forces  belonging  to  these  three  deflections— 
15**5,  24°-l,  and  86°"7— 4>y  means  of  the  expression  8-888  a ;  this  gives  us— 

The  forces 517        808        122-8 

For  the  degrees 85"         40°         45° 

Comparing  these  numbers  with  those  of  the  preceding  table,  we  see  that  the  sensitive- 
ness of  our  galvanometer  diminishes  considerably  when  we  use  deflections  greater  than 
80  degrees. 
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It  consists  of  a 


Fig.  202. 


or  a  part  of  one  recently  killed,  such  as  the  limb  of  a  frog,  be 
included  between  a  pair  of  plates,  muscular  contractions  are 
produced :  similar  effects  occur  if  a  portion  of  the  human  body, 
sach  as  the  tip  of  the  tongue,  be  included  between  two  inter- 
rupted points  of  the  conducting  wire.  But  in  addition  to  the 
heating,  magnetic,  and  physiological  effects,  another  remarkable 
series  of  phenomena,  those  of  chemical  decomposition,  may  be 
exhibited  at  the  interrupted  points  of  the  conducting  wire. 
These,  however,  are  more  distinctly  shown  when  a  number  of 
pairs  of  plates  is  employed. 

(256)  The  Voltaic  Pile. — In  prosecuting  the  experiments  of 
Galvani,  Yolta  discovered  that  T>y  using  a  number  of  similar 
metallic  pairs  moistened  by  a  saline  or  by  a  feebly  acid  liquid, 
many  of  the  effects  already  described  were  greatly  increased,  and 
in  the  year  1800  he  published  a  description  of  the  apparatus 
which  he  had  contrived,  and  which  has  perpetuated  the  name  of 
its  inventor  under  the  designation  of  the  Voltaic  Pile.  This  im- . 
portant  instrument  is  represented  in  fig.  2" 
succession  of  pairs  of  plates  of  two  dissimi- 
lar metals,  such  as  zinc,  z,  and  copper,  o,  or 
zinc  and  silver,  each  pair  being  separated 
on  either  side  from  the  adjacent  pairs  by 
pieces  of  card  or  flannel,  f,  moistened  with 
salt  and  water,  or  with  very  weak  acid : 
these  plates  mav  be  supported  by  a  frame 
of  dry  wood.  The  effects  produced  by  such 
an  apparatus  were  soon  seen  to  be  of  an 
electrical  character.  If  the  ends  of  the  pile 
or  the  wires  connected  with  them  were 
touched,  one  with  each  hand  previously 
moistened,  a  sensation  similar  to  that  of  the 
electric  shock  was  experienced.  Sparks 
could  be  obtained  between  two  pieces  of 
charcoal  attached  to  the  ends  of  the  wires ; 
divergence  of  the  cold  leaves  of  the  electro- 
scope was  produced  when  one  wire  touched  the  cap  of  the  instru- 
ment, whilst  the  other  wire  was  in  communication  with  the 
earth  ;  and  other  electrical  effects  were  obtained.  In  arranging 
the  plates  of  metal  it  is  necessary  strictly  to  observe  a  certain 
order  in  their  succession ;  thus,  if  a  plate  of  dine  with  a  wire 
attached  to  it  form  the  bottom  of  the  pile,  a  piece  of  wet  flannel 
must  be  placed  upon  it,  then  a  piece  of  copper,  then  a  piece  of 
zinc,  then  flannel,  then  copper,  then  zinc,  then  flannel,  and  so  on, 
till  the  pile  terminates  at  the  top  with  a  plate  of  copper  to 
which  a  wire  is  attached.  Bv  soldering  togd;her  the  zinc  and 
copper  in  pairs,  a  considerable  improvement  is  effected ;  com- 
plete contact  of  the  two  metals  is  insured,  and  the  apparatus  can 
De  mounted  with  more  rapidity.  Many  practical  inconveniences, 
however,  are  experienced  when  the  instrument  is  mounted  in  the 
form  of  a  pile :  the  liquid  in  the  flannel  soon  loses  the  power  of 
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acting  chemically  on  the  zinc,  and  the  activity  of  the  combina- 
tion rapidly  declines. 

Another  more  effectual  arrangement  adopted  by  Volta  is 
shown  in  fig.  203 ;  he  termed  it  the  Grown  of  Cups.     In  this 

Fig.  208. 

form,  the  liquid  in  the  cell  corresponds  to  the  moist  flannel  of  the 
pile,  and  the  zinc  of  one  cell  being  connected  with  the  copper  of 
the  adjacent  cell,  the  arrangement  corresponds  exactly  with  that 
•  of  the  pile,  where  the  zinc  is  on  one  side  of  the  flannel,  whilst  the 
copper  in  contact  with  the  other  surface  of  the  flannel  communi- 
cates with  the  zinc  touching  the  flannel  next  above  it,  and  so  on. 
Other  more  efficient  forms  of  the  voltaic  battery  will  be  described 
further  on. 

The  Conditions  required  to  produce  Voltaic  Action. 

(257)  Electric  Disturbance  ly  Contact  of  Dissimilar  Metals. 
— Having  in  the  foregoing  remarks  traced  the  voltaic  phenomena 
to  a  modification  of  electricity,  we  may  now  proceed  to  examine 
more  particularly  the  conditions  under  which  they  occur. 

It  was  early  observed  by  Volta  that  when  two  different 
metals,  properly  insulated,  are  brought  into  contact,  and  then 
separated  by  means  of  insulating  handles,  each  plate  exhibits 
signs  of  electricity  which  may  be  detected  by  a  sensitive  electro- 
scope such  as  Bonnenberger's  (note  §  298).  The  more  oxidizable 
metal  is  found  to  be  positive,  while  the  less  oxidizable  metal  is 
negative.  If  zinc  filings  be  sifted  through  a  piece  of  insulated 
copper-wire  gauze  upon  the  cap  of  a  gold  leaf  electroscope,  the 
leaves  of  the  instrument  will  diverge.  On  approaching  the  elec- 
troscope with  an  excited  stick  of  sealing-wax  the  leaves  will  col- 
lapse, thus  proving  that  the  zinc  filings  have  acquired  positive 
electricity.  If  copper  filings  be  sifted  through  zinc  gauze,  the 
filings  will  be  found  to  be  negative.  The  various  metals  may, 
with  reference  to  these  electric  actions,  be  arranged  in  a  series  in 
which  those  first  in  order  Wjome  positive  by  contact  with  all 
those  that  follow,  and  negative  with  all  those  that  precede :  ft>r 
example,  potassium,  zinc,  iron,  lead,  tin,  copper,  mercury,  silver, 
gold,  platinum.  This,  it  may  be  observed,  is  merely  tne  order 
of  the  oxidabilitv  of  the  different  metals,  and  Delarive  contends 
with  great  probability  that  the  development  of  electricity  in 
Volta*s  experiment  is  due  to  an  excessively' minute  oxidation  pro- 
duced by  the  moisture  of  the  air  upon  the  plate  which  becomes 
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positive,  though  the  experiments  by  which  he  attempts  to  prove 
the  point  are  not  absolutely  conclusive. 

Volta  regarded  the  interposed  liquid  of  his  pile  in  the  light 
merely  of  an  imperfect  conductor  which  allowed  induction  to 
take  place  through  it,  the  electrical  equilibrium  being  perpetually 
disturbed  by  the  contact  of  the  two  metals ;  and  he  overlooked 
the  chemical*  changes  which  the  liquid  is  continually  undergoing. 

(258)  Chemical  Action,  essential  to  the  Production  of  volime 
Action. — It  is  now  known  that  chemical  changes  are  essential  to 
the  production  of  the  force.  Contact  of  dissimilar  substances,  it 
is  true,  is  necessary  to  the  voltaic  action ;  because  without  con- 
tact there  can  be  no  chemical  action.  Such  contact  produces  dis- 
turbance of  the  electric  equilibrium  in  the  bodies  which  are 
brought  together,  and  thus  occasions  a  state  of  tension  or  polarity 
which  always  precedes  the  discharge.  Chemical  action,  by  re- 
newing these  contacts  and  by  furnishing  appropriate  conductors 
to  the  electricity  thus  accumulated,  maintains  the  action  and  ac- 
curately measures  its  amount ;  and  until  chemical  action  occurs 
no  current  is  produced.  The  following  experiment  may  be  cited 
in  illustration  of  this  point : — Let  an  iron  wire  be  connected  with 
one  extremity  of  a  galvanometer  of  moderate  sensibility,  and  a 
platinum  wire  with  the  other  extremity  j  immerse  the  ends  of 
the  wires  in  highly  concentrated  nitric  acid  (sp.  gr.  about  1*45), 
without  allowing  them  to  touch  each  other  in  the  liquid ;  no 
chemical  action  will  occur  upon  the  iron,  and  no  movement  of 
the  magnetic  needle  Will  be  produced  ;  but  the  addition  of  a  little 
water  will  determine  a  rapid  solution  of  the  iron  in  the  acid,  and 
the  needle,  at  the  same  moment  that  the  chemical  action  com- 
mences, will  receive  a  powerful  impulse. 

(259)  Polarization  and  Transfer  of  the  Elements  of  the  Liquid. 
— The  simple  occurrence  of  a  powerful  chemical  action  is  not 
alone  sufficient  to  produce  a  powerful  voltaic  effect.  The  metals 
are  all  excellent  conductors  of  electricity,  and,  in  combining  with 
each  other  to  form  alloys,  they  often  give  evidence  of  intense 
chemical  action,  but  they  do  not  produce  any  adequate  voltaic 
effect.  For  example,  if  a  small  quantity  of  tin  be  placed  in  a 
tube  bent  into  the  form  of  the  letter  TJ1,  and  be  melted  by  the 
heat  of  a  spirit-lamp,  and  it  be  connected  on  one  side  with  the 
wire  of  a  galvanometer,  which  is  introduced  .into  the  melted 
metal  in  one  limb  of  the  tube,  whilst  into  the  second  limb  of  the 
tube  a  platinum  wire,  connected  with  the  other  extremity  of  the 
galvanometer,  is  plunged,  the  platinum  will  unite  with  the  tin 
with  incandescence,  but  after  tne  first  moment  of  contact  but  a 
slight  deviation  of  the  magnetic  needle  will  be  observed,  although 
a  brisk  chemical  action  is  continued  for  several  seconds.  A  solu- 
tion of  the  elementary  bodies,  chlorine  or  bromine,  when  used  as 
the  liquid  between  the  plates,  although  it  acts  powerfully  on  the 
rinc,  produces  by  no  means  a  proportionate  power  in  the  circuit. 

In  order  that  the  liquid  shall  possess  any  marked  power  of 
exciting  voltaic  action,  it  must  be  a  compound  susceptible  of  de- 
composition by  one  of  the  metals,  such,  for  instance,  as  dilute 
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sulphuric,  hydrochloric,  or  hydriodic  acid,  or  a  saline  substance, 
such  as  chloride  of  sodium  or  iodide  of  potassium.  This  neces- 
sity for  the  employment  of  a  compound  liquid  for  exciting  the 
force,  appears  to  rise  from  the  necessity  of  a  peculiar  polarization 
in  the  liquid  in  order  to  enable  it  to  transmit  the  voltaic  action. 
Indeed,  in  all  voltaic  actions  the  transfer  of  power  is  effected  by 
a  polar  influence,  propagated  through  both  the  solid  and  the 
liquid  particles  of  the  circuit,  and  the  chain  of  conducting  mate- 
rial must  be  continuous  throughout,  so  that  the  force  shall  circu- 
late. 

This  process  of  polarization  may  be  conceived  to  occur  in  the 
following  manner,  which  offers  an  explanation  of  the  mode  in 
which  the  platinum  (or  the  plate  6f  metal  which  corresponds  to 
platinum)  may  be  supposed  to  act : — When  a  plate  of  pure  zine 
or  of  amalgamated  zinc  is  immersed  in  a  compound  liquid,  which, 
like  a  solution  of  hydrochloric  acid  (HC1),  is  capable  of  attacking 
it  chemically,  the  metal  at  the  points  of  contact  becomes  posi- 
tively electrified,  whilst  the  distant  portion  becomes  negative. 
The  layer  of  liquid  in  contact  with  the  zinc  undergoes  polariza- 
tion, which  affects  each  molecule  of  its  chemical  constituents ;  the 
E  articles  (C)  of  chlorine  become  negative,  and  the  particles  of 
ydrogen  (H)  positive :  but  in  this  form  of  the  experiment  there 
is  no  communication  between  the  distant  negative  part  of  the 
zinc  and  the  positively  electrified  particles  of  nydrogen ;  conse- 
quently, beyond  the  production  of  this  state  of  electric  tensiori.no 
change  ensues.    This  condition  is  represented  in  fig.  204  (1).    But 

Fig.  204. 


the  case  is  entirely  altered  if  a  plate  of  platinum,  or  of  some  other 
metal  which  is  not  easily  acted  upon  by  the  acid,  be  introduced, 
and  made  to  touch  the  zinc.  By  contact  with  the  zinc  the  pla- 
tinum itself  becomes  polarized ;  it  imparts  a  certain  amount  of 
positive  electricity  to  the  zinc,  and  receives  a  portion  of  negative 
in  return,  and  transmits  the  polar  action  to  the  liquid.  A  chain 
of  polarized  particles  is  thus  produced,  as  represented  in  fig.  204 
(2) ;  the  chlorine  of  the  particle  of  HC1  nearest  the  zinc  becomes 
negative  under  the  influence  of  the  chemical  attraction  which 
exists  between  it  and  the  zinc,  and  the  hydrogen  becomes  posi- 
tive ;  the  second  and  third  particles  of  HC1  become  similarly 
electrified  by  induction ;  but  the  platinum,  under  the  influence 
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of  the  induction  of  the  zinc,  being  negative,  is  in  a  condition  to 
take  up  the  positive  electricity  of  the  contiguous  hydrogen.  The 
action  now  rises  high  enough  to  enable  the  zinc  and  the  chlorine 
to  combine  chemically  with  each  other ;  the  chloride  of  zinc  thus 
produced  is  dissolved  by  the  liquid,  and  is  removed  from  further 
immediate  action ;  but  the  particle  of  hydrogen  nearest  the  zinc 
now  seizes  the  oppositely  electrified  chlorine  which  lies  next  to  it, 
and  a  new  portion  of  hydrochloric  acid  is  reproduced,  whilst  the 
hydrogen  in  the  second  particle  of  the  acid  is  transferred  to  the 
chlorine  of  the  adjacent  particle,  and  the  particle  of  hydrogen 
which  terminates  the  row  is  electrically  neutralized  by  its  action 
upon  the  platinum,  to  which  it  imparts  its  excess  of  positive 
electricity,  and  immediately  escapes  in  the  form  of  gas.     Fresh 

S articles  of  hydrochloric  acid  continually  supply  the  place  of 
lose  which  have  undergone  decomposition,  and  in  this  way  a 
continuous  action  is  maintained.  Thus  the  transfer  of  electricity 
from  particle  to  particle  of  the  liquid  is  attended  at  the  same 
instant  by  a  transfer  of  the  constituents  of  the  liquid  in  opposite 
directions* 

These  changes  are  not  successive,  but  are  simultaneous  in  each 
vertical  section  of  the  liquid,  and  are  also  attended  with  corre- 
sponding changes  at  all  points  of  the  entire  circuit.  These 
changes  when  continued  uninterruptedly  constitute  what  is  con- 
veniently termed  a  voltaic  current.  This  term, i  current,'  is  in 
general  use,  but  it  Bhould  be  borne  in  mind  that  it  is  in  this  sense 
employed  merely  to  signify  the  continuous  transmission  of  force, 
not  of  any  material  substance.  In  every  voltaic  current  it  is  as- 
sumed that  a  quantity  of  negative  electricity,  equal  in  amount  to 
that  of  the  positive  set  in  motion,  is  proceeding  along  the  wire 
in  a  direction  opposed  to  that  in  which  the  positive  electricity  is 
travelling ;  and  it  is  conceived  that  by  the  perpetual  separation 
and  recombination  of  the  two  electricities  in  the  wire,  its  heating 
and  other  effects  are  produced.  In  order  to  avoid  confusion, 
however,  whenever  the  direction  of  the  voltaic  current  is  referred 
to,  the  direction  of  the  positive  current  alone  is  indicated. 

The  polarization  of  the 
metallic  and  liquid  parti-  Fl°-  205' 

cles  composing  a  circuit 
when  zinc  is  placed  in  an 
acid,  or,  in  other  words  the 
occurrence  of  electric  ten- 
sion as  a  preliminary  to  the 
passage  of  the  voltaic  cur- 
rent, may  be  shown  by  the 
following  experiment  (Gas- 
siot).  A  plate  of  platinum. 
p,  fig.  205,  and  another  of 
amalgamated  zinc,  z,  are 
immersed  in  dilute  sulphu- 
ric acid,  and  the  wire  which  proceeds  from  each  is  insulated  and 
connected  with  the  two  gilt  disks,  a,  ft,  of  the  electroscope,  e  ; 

• 
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these  disks  are  insulated  from  each  other,  and  from  the  ground 
by  the  glass  of  the  apparatus ;  they  slide  easily  to  and  fro  in  the 
sockets,  and  can  be  brought  within  a  quarter  of  an  inch  or  leas 
of  each  other ;  a  single  gold  leaf,  mounted  as  in  the  ordinary 
electroscope,  is  suspended  midway  between  them :  now  if  the 
positive  end  of  a  Deluc's  pile  (298),  d,  be  brought  near  the  cap  of 
the  instrument,  the  gold  leaf  will  approach  the  disk  a,  which  is 
connected  with  the  zinc  plate ;  the  leaf  becomes  positive  by  in- 
duction from  the  positive  end  of  the  pile,  and  is  therefore  attract- 
ed by  the  negatively  electrified  disk  a  ;  but  if  the  opposite  end 
of  the  pile  d,  which  is  charged  with  negative  electricity,  be  pre- 
sented, the  gold  leaf  becomes  negative,  and  is  attracted  by  the 
positively  electrified  disk  &,  which  is  in  connexion  with  the  pla- 
tinum plate.  The  amount  of  the  electric  tension  increases  in  pro- 
portion as  the  number  of  pairs  is  increased  Gassiot  found  with 
a  battery  of  400  pairs  of  Grove's  cells,  each  cell  being  carefully 
insulated,  that  a  succession  of  sparks  passed  between  the  termi- 
nals when  brought  very  near  to  each  other ;  and  if  each  end  of 
the  battery  was  connected  with  a  gold-leaf  electroscope,  the 
leaves  of  each  diverged  powerfully,  the  wire  in  connexion  with 
the  platinum  plate  furnishing  positive,  that  with  the  zinc  plate, 
negative  electricity.  (299.) 

(260)  Energy  of  the  Current  proportionate  to  the  Chemical 
Activity, — In  order  to  produce  a  current,  the  two  metals  which 
are  employed  must  be  acted  upon  by  the  exciting  liquid  with 
different  degrees  of  rapidity :  thus,  when  two  similar  slips  of 
zinc,  or  of  any  other  metal,  are  opposed  to  each  other,  no  current 
is  excited.  The  galvanic  action  is  strongest  between  two  metals 
upon  which  the  chemical  action  of  the  components  of  the  exciting 
liquid  differs  most  widely;  for,  from  what  has  been  already 
stated,  it  is  evident  that  two  strips  of  zinc  would  tend  to  produce 
polarization,  and  subsequently  currents  of  equal  intensity,  in  op- 
posite directions,  so  that  the  two  would  necessarily  neutralize 
each  other.  When  zinc  is  opposed  to  tin,  a  current  is  produced, 
setting  out  through  the  liquid  from  the  zinc  to  the  tin  ;  zinc  and 
copper  give  rise  to  a  stronger  current  in  the  same  direction ; 
whilst  between  zinc  and  platinum  the  current  is  still  more  power- 
ful ;  and  between  potassium  and  platinum  the  action  attains  its 
maximum.  By  forming  an  amalgam  of  potassium,  this  last-men- 
tioned experiment  admits  of  easy  performance ;  for  it  has  been 
found  that  the  voltaic  relations  of  all  amalgams  are  the  same  as 
those  of  the  more  oxidable  metal  which  they  contain.  A  good 
deal  of  the  potassium  is  oxidized  by  what  is  termed  local  action, 
without  contributing  in  any  way  to  the  production  of  the  current. 
The  distinction  between  local  action  and  action  which  contributes 
to  the  voltaic  effect  is  important,  and  may  be  illustrated  by  the 
difference  in  action  of  diluted  sulphuric  acid  upon  a  slip  of  ordi- 
nary zinc  and  upon  a  slip  of  zinc  Troin  the  same  sheet  which  has 
been  amalgamated :  in  the  first  case  rapid  solution  of  the  metal 
will  occur,  although  the  connexion  with  the  platinum  plate  may 
remain  incomplete ;  in  the  second,  the  zinc  will  be  attacked  only 
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when  the  circuit  is  completed ;  but  the  unamalgamated  zinc  will 
produce  no  greater  voltaic  effect  than  an  equal  slip  of  the  metal 
which  has  been  properly  amalgamated.  In  no  instance  is  the 
force  in  circulation  increased  by  the  local  action  on  the  plates, 
whatever  be  the  nature  of  the  metal. 

Wheatstone  has  devised  a  method  (274)  of  measuring  the 
amount  of  the  dectro-motwe  force,  or  energy  of  the  voltaic 
power,  produced  by  any  combination ;  and  he  has  by  this  means 
proved  conclusively  that  this  energy  depends  upon  the  intensity 
of  the  chemical  action  between  the  elements  of  the  liquid  and  the 
metals  which  compose  the  circuit.  He  has  shown  that  if  any 
three  of  these  dissimilar  metals  be  taken  in  their  electrical  order 
and  be  formed  in  pairs  into  separate  circuits,  the  force  generated 
by  a  combination  of  the  two  extreme  metals  of  the  series  is  equal 
to  the  sum  of  the  forces  developed  when  the  intermediate  metal 
is  separately  combined  with  each  of  the  other  two  in  succession. 
For  example,  the  voltaic  energy,  or  electro-motive  force,  excited 
between  platinum  and  an  amalgam  of  potassium  may  be  repre- 
sented by  the  number  69  :  the  electro-motive  force  between  pla- 
tinum and  zinc,  expressed  in  terms  of  a  similar  standard,  is  equal 
to  40 ;  and  in  a  similar  experiment  between  zinc  and  potassium, 
where  zinc  acted  the  part  of  a  negative  metal  towards  the  potas- 
sium, the  number  obtained  was  29.    Now 

the  amount  of  force  between  platinum  and  zinc    =  40 
the  amount  of  force  between  zinc  and  potassium  =  29 

the  two  taken  together  =  69 

and  this  number,  69,  is  identical  with  that  obtained  by  opposing 
platinum  to  the  amalgam  of  potassium. 

(261)  Direction  of  the  Current  dependent  on  the  Direction  of 
the  Chemical  Action. — In  all  these  cases  the  positive  electricity 
sets  out  from  the  more  oxidizable  metal,  whicn  may  be  termed 
the  positive,  or  generating  plate,  and  traverses  the  liquid  towards 
the  less  oxidizable  metal  which  forms  the  negative  or  conducting 
plate :  from  the  conducting  plate  the  force  is  transferred  to  the 
wire,  and  thence  in  turn  to  tne  generating  plate ;  and  in  this  way 
the  circuit  is  completed.  Unless  this  circulation  can  take  place, 
all  the  phenomena  of  voltaic  action  are  suspended.  Since  the 
.chemical  action  of  any  combination  is  thus  always  in  one  uniform 
direction,  the  motion  of  a  magnetic  needle  under  its  influence  is 
equally  uniform :  the  amount  of  force  which  is  thrown  into  cir- 
culation, whether  it  be  measured  by  its  magnetic  or  by  its  heat- 
ing effects,  is  proportioned  to  the  quantity  of  the  positive  metal 
which  is  dissolved  in  a  given  time. 

*  Every  liquid  which  is  active  in  exciting  a  voltaic  current  may 
be  regarded  as  consisting  of  two  groups  of  substances,  one  of 
which  attacks  the  generating  or  positive  plate,  and  may  be 
termed  the  electro-negative  constituent  of  the  liquid,  whilst  the 
other  is  transferred  to  the  conducting  or  negative  plate,  and  con- 
stitutes the  electro-positive  constituent. 
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^  The  elementary  bodies  have  indeed  been  classified  upon  this 
principle  into  electro-positive  and  electro-negative  substances ; 


Electro-chemical  Order  of 

Electronegative. 
Oxygen 
Sulphur 
Selenium 
Nitrogen 
Fluorine 
Chlorine 
Bromine 
Iodine 
Phosphorus 
Arsenicum 
Chromium 
Vanadium 
Molybdenum 
Tungsten 
Boron 
Carbon 
Antimony 
Tellurium 
Titanium 
Silicon 
Hydrogen. 


the  Principal  Elements. 

Gold 

Platinum 

Palladium 

Mercury 

Silver 

Copper 

Bismuth 

Tin 

Lead 

Cadmium 

Cobalt 

Nickfel 

Iron 

Zinc 

Manganese 

Uranium 

AlnnniinTm 

Magnesium 
Calcium 
Strontium 
Barium 
Lithium 
Sodium 
Potassium. 
Electropositive. 


hydrogen  and  most  of  the  metals  being  electro-positive ;  oxygen, 
chlorine,  and  other  substances  of  this  nature  being  electro-nega- 
tive. In  the  preceding  table  the  more  important  of  the  elements 
are  arranged  in  the  electro-chemical  order  on  the  authority  of 
Berzelius.  It  has  been  remarked  that  the  more  strongly  electro- 
positive metals  crystallize  in  forms  belonging  to  the  regular  sys- 
tem, whilst  the  non-metallic  elements,  and  those  metals  which  are 
most  electro-negative,  crystallize  generally  in  other  forms. 

It  isprobable  that  the  order  here  followed  is  not  exactly  cor- 
rect. Fluorine,  and  chlorine  perhaps,  ought  to  stand  at  the  head 
of  the  list ;  there  is  no  doubt  that  hydrogen  should  stand  much 
nearer  to  potassium ;  and  according  to  late  experiments  aluminum 
should  take  its  place  between  lead  and  cadmium.  It  is  also  cer- 
tain that  the  elements  do  not  under  all  circumstances  maintain 
the  same  relative  order,  but  that  in  particular  cases  the  order  is 
altered :  for  example,  in  strong  nitric  acid,  iron  is  nearly  as  elec- 
tro-negative as  platinum ;  again,  a  metal  may  be  electro-positive 
when  it  forms  the  basyl  of  a  salt,  but  electro-negative  when 
associated  with  the  elements  of  the  acid  constituent.  Indeed  it 
may  be  laid  down  as  an  invariable  rule  that  whenever  the  chem- 
ical action  is  inverted  the  direction  of  the  current  is  inverted  also. 
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The  voltaic  order  of  the  metals  given  above  is  that  which  is  ob- 
served when  diluted  acids  are  used  as  the  exciting  liquids,  but  it 
by  no  means  represents  the  order  in  which  they  stand  wnen  the 
current  is  excited  by  the  use  of  a  caustic  alkaline  solution  or  a 
sulphide  of  the  alkaline  metals.  This  point  is  well  exemplified 
in  the  following  results  given  by  Faraday  (Phil.  Trans.,  1840,  p. 
113).  The  metals  which  stand  first  on  each  list  are  negative  to 
all  those  which  follow  them.  The  place  of  iron  in  the  strong 
nitric  acid  is  that  which  it  shows  immediately  on  immersion ;  it 
becomes  much  more  powerfully  electro-negative  afterwards : — 


Dilute 

Sulpbnrio 

Add. 

Dilate 
Nttrie  Add. 

Dilate 

Hydrochloric 

Add. 

Nitric  Acid 
Sp.  Gr.  1-4& 

Solution 

of  Caustic 

Potash. 

Yellow 
Sulphide  of 
Potasaium. 

Silver 

Copper 

Antimony 

Bismuth 

Nickel 

Iron 

Lead 

Tin 

Cadmium 

Zinc 

Saver 

Copper 

Antunony 

Bismuth 

Nickel 

Iron 

Lead 

Tin 

Cadmium 

Zinc 

Antimony 

SUver 

Nickel 

Bismuth 

Copper 

Iron 

Lead 

Tin 

Cadmium 

Zinc 

Nickel 

SUver 

Antimony 

Copper 

Bismuth 

Iron 

Tin 

Lead 

Zinc 

Cadmium 

SUver 

Nickel 

Copper 

Iron 

Bismuth 

Lead 

Antimony 

Cadmium 

Tin 

Zinc 

Iron 

Nickel 

Bismuth 

Antimony 

Lead 

SUver 

Tin 

Cadmium 

Copper 

Zinc 

The  relative  size  of  the  generating  and  conducting  plates  has 
no  influence  upon  the  direction  of  the  current,  which  sets  in  as 
certainly  through  the  liquid  from  a  square  inch  of  zinc  to  a  square 
foot  of  copper  as  from  a  square  foot  of  zinc  to  a  square  inch  of 
copper.  The  spread  of  this  force  may  be  traced  in  an  interesting 
manner  by  substituting  a  solution  of  sulphate  of  copper  for  sul- 
phuric acid  as  a  part  of  the  exciting  liquid ;  copper  will  be 
thrown  down  instead  of  hydrogen,  and  by  its  colour  and  thickness 
will  very  accurately  indicate  the  extent  and  direction  of  the  ac- 
tion. The  experiment  is  easily  made  by  taking  advantage  of  a 
property  possessed  by  porous  diaphragms,  in  consequence  of 
which,  a  piece  of  any  animal  membrane,  or  of  unglazea  earthen- 
ware, which  can  be  thoroughly  wetted  by  the  liquids,  will  allow 
the  current  to  traverse  it  without  opposing  any  material  obstruc- 
tion to  its  passage.  Diluted  sulphuric  acid  may  thus  be  em- 
ployed upon  one  side  of  the  diapnragm,  and  a  solution  of  sul- 
phate of  copper  upon  the  other  side :  under 
these  circumstances  a  current  would  be  freely 
transmitted,  whilst  the  two  liquids  would  be 
prevented  from  intermingling.  For  example, 
let  a  piece  of  bladder,  0,  fig.  206,  be  tied 
firmly  over  the  lower  end  of  a  wide  tube  open 
at  both  extremities ;  place  some  diluted  sul- 
phuric acid,  a,  in  the  tube,  and  suspend  a  rod 
of  amalgamated  zinc,  z,  in  its  axis ;  support 
the  tube  so  that  its  lower  end  shall  dip  be- 
neath the  surface  of  a  solution  of  sulphate  of  copper,  s,  contained 
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in  a  shallow  glass  dish,  upon  the  bottom  of  which  rests  a  sheet  of 
copper,  o:  on  connecting  the  zinc  and  copper  by  the  wire,  ic, 
voltaic  action  will  ensue,  and  a  deposit  of  metallic  copper  will  be 
produced  npon  the  plate,  o.  It  will,  however,  be  observed  that 
this  deposit  does  not  take  place  uniformly  over  the  surface  of 
the  sheet  o,  but  that  it  commences  in  the  centre  in  a  circular 
form ;  the  layer  of  copper  shows  itself  first  at  the  point  immedi- 
ately beneath  the  extremity  of  the  sine  rod,  and  it  is  at  this  point 
that  the  greatest  thickness  of  the  deposit  occurs ;  it  gradually 
becomes  thinner  towards  the  circumference  of  the  circle,  which, 
however,  continues  to  increase  in  diameter  as  the  experiment  pro- 
ceeds, until,  if  sufficient  time  be  allowed,  the  plate  is  covered  with 
reduced  copper. 

Whilst  a  metal  is  thus  rendered  electro-negative  by  voltaic 
action,  it  is  no  longer  liable  to  the  ordinary  action  of  chemical 
agents.  A  beautiful  application  of  this  principle  was  made  by 
Davy  to  the  prevention  of  the  corrosion  of  the  copper  sheathing 
of  ships  by  the  action  of  sea  water.  Copper  is  the  material  best 
adapted  to  preserve  the  timbers  of  the  ship  from  the  attacks  of 
marine  insects  and  boring  animals ;  but  this  metal,  when  sub- 
jected, under  ordinary  circumstances,  to  the  combined  influence 
of  the  salts  dissolved  in  sea  water  and  of  the  atmospheric  air 
which  it  also  holds  in  solution,  experiences  corrosion,  which  in 
the  course  of  a  few  years  renders  it  necessaiy  to  renew  the  cop- 
per. It  was,  however,  discovered  by  Davv,  that  by  placing 
pieces  of  zinc,  or  of  cast-iron,  in  contact  with  the  copper  under 
water,  this  corrosion  could  be  prevented ;  and  that  a  surface  of 
zinc,  not  exceeding  T£T  of  that  exposed  by  the  copper,  was  ade- 
quate to  the  entire  protection  of  the  copper,  the  whole  of. the 
chemical  action  being  transferred  to  the  zinc;  and  that  even 
when  the  surface  of  zinc  was  reduced  until  it  was  only  equal  to 
T7Vt  of  that  of  the  copper,  a  considerable  preservative  effect  was 
experienced.  But  the  very  success  of  tne  experiment  in  the 
direction  anticipated,  created  difficulties  of  another  kind ;  earthy 
matters,  consisting  of  compounds  of  calcium  and  magnesium, 
were  deposited  from  the  sea  w&ter  by  the  slow  voltaic  action, 
and  they  attached  themselves  to  the  surface  of  the  copper ;  weeds 
and  shell-fish  found  in  this  deposit  a  congenial  pabulum,  the  bot- 
tom of  the  ship  became  foul,  the  sailing  qualities  of  the  vessel 
were  necessarily  impaired,  and  the  system  of  voltaic  protectors 
was  abandoned.  For  some  years  past  a  kind  of  brass,  introduced 
by  Mr.  Muntz,  which  admits  of  being  rolled  whilst  hot,  has,  in 
the  merchant  service,  been  largely  and  advantageously  substituted 
for  copper  as  a  material  for  ships'  sheathing.  In  this  case  the 
zinc  and  the  copper  are  combined  in  the  sheet  itself,  which  is  less 
rapidly  corroded  than  if  composed  of  either  metal  separately. 
The  protective  influence  of  zinc  both  on  copper  and  on  iron  is 
readily  shown  by  exposing  bright  bars  of  these  metals  in  separate 
vessels,  either  in  sea  water  or  in  a  solution  of  common  salt  con- 
taining an  ounce  of  salt  in  each  pint  of  water.  If  a  fragment  of 
zinc  be  attached  to  one  of  the  bars  of  copper  and  to  one  of  the 
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bars  of  iron,  these  bars  will  remain  bright,  whilst  the  zinc  is  cor- 
roded ;  but  the  unprotected  bars  will,  in  a  few  hours,  give  evi- 
dence of  the  commencement  of  chemical  action. 

Another  remarkable  proof  of  the  dependence  of  the  current, 
for  its  direction  and  its  force,  upon  chemical  action,  is  afforded 
by  the  manner  in  which  a  voltaic  circuit  may  be  produced  be- 
tween two  surfaces,  one  of  which  has  a  stronger  attraction  for 
hydrogen  than  the  other  possesses.  For  example,  when  two 
clean  plates  of  platinum  are  immersed  in  diluted  acid,  and  con- 
nected with  a  galvanometer,  no  voltaic  action  is  excited ;  but  the 
case  is  different  if  one  of  these  plates  be  first  coated  with  a  film 
of  some  metallic  peroxide,  such  as  peroxide  of  manganese  {Mn0^y 
proxide  of  lead  (PbOJ),  or  peroxide  of  silver  (AgtG/t).  The  plati- 
num plate  may  be  thus  coated  by  immersing  it  in  a  solution  of 
sulphate  of  manganese,  of  nitrate  of  lead,  or  of  nitrate  of  silver, 
and  connecting  it  with  the  platinum  side  of  a  weak  voltaic  ar- 
rangement for  a  few  minutes,  whilst  the  liquid  is  connected  by  a 
second  plate  with  the  zinc  end  of  the  battery :  the  plate,  after  it 
has  been  thus  coated  with  the  oxide,  must  be  .well  washed  with 
distilled  water.  If  it  be  then  opposed  to  a  plate  of  clean  plati- 
num, and  immersed  in  any  diluted  acid,  it  will  originate  a  cur- 
rent which  depends  upon  tne  chemical  attraction  of  the  hydrogen 
of  the  diluted  acid  for  the  second  atom  of  oxygen  in  the  peroxide. 
In  a  combination  of  this  description  the  clean  platinum  becomes 
positive,  and  corresponds  to  the  zinc  plate,  whilst  the  coated 
platinum  becomes  negative.  The  coated  plate,  although  nega- 
tive, thus  becomes  the  generating  or  active  surface,  and  transmits 
the  current  at  once  to  tne  conducting  wire. 

Faraday  has  shown  that  the  direct  contact  of  dissimilar  metals 
is  not  necessary  to  the  production  of  the  voltaic  current,  provided 
that  they  are  connected  by  some  liquid  of  sufficient  conducting 
power.  This  is  a  point  oi  considerable  importance,  as  it  shows 
that  Volta's  theory  of  the  origin  of  the  force,  which  is  still  main- 
tained by  many  philosophers  who  have  not  made  the  chemical 
phenomena  of  the  pile  tneir  especial  study,  is  deficient  in  accu- 
racy. The  following  is  the  simple  experiment,  which  proves  the 
point  now  under  discussion  :  z,  fig.  207,  is  a  plate  of  zinc,  bent 
at  a  right  angle ;  p,  a  platinum  plate,  to  which 
a  platinum  wire  is  attached.    At  a,  a  small  Fiq.207. 

piece  of  blotting  paper,  moistened^  with  a  solu- 
tion of  starch  ana  iodide  of  potassium,  is  inter- 
posed between  the  plate  of  zinc  by  which  it  is 
supported  and  the  platinum  wire  which  rests 
upon  it ;  no  change  occurs  in  the  solution  of  the 
iodide  until  the  two  plates  are  immersed  in 
diluted  nitric  acid ;  but  in  a  few  minutes  after 
such  immersion,  evidence  of  a  current  in  the 
direction  of  the  arrow  is  afforded,  by  the  ap- 
pearance of  a  blue  spot  against  the  platinum 
wire,  due  to  the  liberation  of  iodine,  from  the  decomposition  of 
the  iodide  of  potassium  by  the  voltaic  action. 
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craourrs  with  one  hbtal  and  two  liquids. 


(262)  Circuits  i*ith  one  Metal  and  two  Liquids.— Y<x  the 
establishment  of  a  voltaic  current,  it  is  farther  necessary  that  the 
body  which  decomposes  the  liquid  be  a  conductor  of  electricity, 
in  order  to  cany  off  the  force  generated  ;  but  it  is  not  necessary 
to  use  two  dissimilar  metals,  provided  that  one  extremity  of  the 
metal  be  plunged  into  a  liquid  capable  of  acting  on  it,  whilst  the 
other  extremity  dips  into  a  different  liquid  which  has  little  or  no 
action  on  the  metal,  but  which  communicates  freely  with  the  first 
liquid. 

Take,  for  example,  a  tube  bent  into  the  form  represented  in 
fig.  208, 1.    Place  a  plug  of  tow  in  the  bend;  into  one  limb,  a, 

Fia.  208. 


pour  a  solution  of  chloride  of  copper  {Cu  CIA  in  the  other  limb, 
0,  place  a  solution  of  common  salt  (Na  CI)  (chloride  of  sodium). 
Connect  the  open  ends  of  the  tube  by  bending  a  strip  of  copper 
so  that  one  end  of  it  shall  dip  into  the  solution  of  copper  and  the 
other  end  into  the  solution  of  salt.  Crystals  of  copper  will  be 
formed  gradually  upon  the  end  of  the  stnp  which  is  immersed  in 
the  metallic  solution,  whilst  the  end  of  the  strip  which  is  im- 
mersed in  the  salt  and  water  will  be  slowly  corroded,  and  chloride 
of  copper  will  be  formed.  The  following  diagram  may  assist  in 
explaining  this  change : — 

A 

(i.)  Ou\  ducitduCK  1  i^^NJCcj  |  Cu 
(2.)  ouOu  1 6i^,6ri^a,ci^>6i^  i 

Let  the  symbol  Cu  CI,  represent  the  combination  of  chloride 
of  copper,  Na,Cl,  that  of  chloride  of  sodium,  the  line  at  A  being 
used  to  show  the  position  of  the  plug  of  tow.  If  No.  1  indicate 
the  state  of  things  before  any  change  has  occurred,  No.  2  will 
represent  the  change  after  the  circuit  is  complete. 

If  the  strip  of  copper  be  divided  in  the  middle,  wid  the  two 
ends  be  connected  with  a  galvanometer,  a,  as  shown  in  fig-  80°, 
2,  a  current  is  found  to  be  circulating  through  the  apparatus.  A 
still  simpler  arrangement  may  be  adopted ;  if  a  long  straight  tube 
be  filled  half  full  with  diluted  sulphuric  acid,  and  the  renuuader 
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with  a  solution  of  Bulphate  of  copper,  a  strip  of  copper  plunged 
into  it  will  be  dissolved  below,  while  an  equal  amount  of  copper 
will  be  deposited  on  the  upper  extremity ;  from  the  extreme 
slowness  and  regularity  of  the  action,  the  metal  will  assume  the 
form  of  crystals.  Becquerel,  by  using  various  liquids  in  the  two 
limbs  of  the  bent  tube  (No.  1)  has  obtained  many  of  the  metals 
crystallized  in  forms  of  great  beauty. 

By  employing  two  dissimilar  metals  in  the  metallic  arc,  as  p  z, 
(fig.  208,  8),  a  more  powerful  but  equally  regular  action  may  be 
excited.  If  a  solution  of  common  salt  be  placed  in  one  limb,  &, 
and  a  solution  of  green  chloride  of  iron  in  the  other,  a,  whilst  the 
zinc  end  of  a  compound  arc  of  zinc  and  platinum  is  plunged  into 
the  first,  and  the  strip  of  platinum  is  immersed  in  the  second 
liquid,  tetrahedral  crystals  of  iron  will  in  a  few  days  be  deposited 
upon  the  platinum.  If  a  little  chloride  of  iron  oe  mixed  with 
chloride  of  zirconium,  and  substituted  for  the  chloride  of  iron  in 
the  limb  a,  plates  of  zirconium  will  be  obtained,  of  a  steel-gray 
colour,  ana  which,  by. exposure  to  the  air,  become  oxidized  and 
fall  to  a  white  powder. 

Becquerel  has  shown,  that  within  the  strata  of  the  earth  sim- 
ilar actions  are  going  on ;  and  R.  W.  Fox  and  others,  by  con- 
necting the  surfaces  of  two  contiguous  lodes  of  metallic  ore  by 
means  of  wires  attached  to  a  galvanometer,  have  succeeded  in 
demonstrating  to  the  eye  the  existence  of  these  feeble  but  con- 
tinuous currents  which  are  probably  the  cause  of  the  accumula- 
tion of  the  different  metals  in  regular  beds,  and  of  their  beautiful 
crystalline  arrangement. 

Other  combinations  may  be  produced,  in  which  the  mutual 
action  of  the  two  liquids  originates  the  current,  the  metal  merely 
serving  as  a  conductor.  Becquerel  was  the  first  to  point  out  the 
means  of  obtaining  circuits  of  this  description,  of  which  the  fol- 
lowing is  a  good  example : — If  a  small  porous  vessel  be  filled 
with  nitric  acid,  and  be  immersed  in  a  second  vessel  containing 
a  solution  of  hydrate  of  potash,  on  plunging  two  platinum  plates 
connected  with  the  wires  of  a  galvanometer,  one  into  the  acid, 
the  other  into  the  alkaline  liquid,  a  Steady  current  of  considerable 
intensity  will  be  produced,  and  will  be  maintained  for  many 
days,  in  a  direction  passing  from  the  potash  to  the  nitric  acid, 
and  thence  returning  through  the  galvanometer  to  the  alkaline 
liquid.  A  still  more  powerful  combination  was  obtained  by 
Matteucci  on  substituting  a  solution  of  pentaeulphide  of  potas- 
sium for  the  caustic  potash.  A  single  cell  of  this  construction 
decomposed  acidulated  water  if  interposed  between  the  platinum 
wires,  and  on  breaking  contact  a  distinct  spark  was  perceptible 
at  the  surface  of  the  mercury  employed  to  connect  thfe  two  plati- 
num wires.  Arrott  (Phil.  Mag.  xxii.  427)  has  described  a 
variety  of  other  cases  of  this  kind.  These  actions,  however,  will 
be  more  conveniently  studied  in  connexion  with  the  chemical 
effects  of  the  voltaic  battery  at  a  future  point  (289). 

(263)  Summary. — The  conditions  necessary  to  the  production 
of  a  voltaic  current  may  be  shortly  recapitulated  as  follows  :— 
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Though  the  contact  of  dissimilar  metals  produces  electric  dis- 
turbance, chemical  action  is  necessary  to  propagate  the  voltaic 
current.  This  chemical  action  must  be  produced  by  means  of  a 
compound  liquid,  which  is  decomposed  in  the  process,  one  of  the 
constituents  of  the  liquid  entering  into  combination  with  one  of 
the  metals.  In  the  transmission  of  the  voltaic  power,  a  polariza- 
tion of  the  liquid,  as  well  as  of  the  solid  portions  of  the  circuit,  is 
produced,  and  this  polarization  of  the  liquid  is  attended  with  the 
separation  of  its  constituents  into  two  groups,  one  of  which 
unites  with  the  positive  metal,  whilst  the  other  makes  its  appear- 
ance at  the  same  moment  upon  the  negative  plate.  The  activity 
of  the  combination,  or  its  electro-motive  force,  is  greater,  the 
greater  the  difference  between  the  chemical  attraction  of  the 
electro-negative  constituent  of  the  exciting  liquid  for  the  two 
metals  which  are  opposed  to  each  other  in  the  particular  case. 
The  relative  size  of  the  plates  employed  has  no  influence  on  the 
direction  of  the  current  which  is  produced.  Contact  of  two 
metals  is  not  necessary  to  the  production  of  voltaic  action :  cir- 
cuits may  be  formed  between  one  metal  and  two  liquids,  if  the 
liquids  lie  in  liquid  communication  with  each  other,  and  if  their 
chemical  attractions  for  the  metal  be  unequal.  It  is  even  possi- 
ble to  obtain  a  current  from  the  mutual  action  of  two  dissimilar 
liquids,  if  these  liquids  exert  a  chemical  action  upon  each  other, 
by  connecting  the  liquids  through  the  intervention  of  a  metal 
upon  which  they  exert  no  chemical  influence,  and  which  there- 
fore simply  performs  the  part  of  a  conductor.  % 

Different  forms  of  the  Voltaic  Battery. 

(264)  Counteracting  Currents :  Gas  Battery. — We  shall  now 
resume  the  consideration  of  those  forms  of  voltaic  combination 
which  are  the  most  important  in  practice,  and  in  which,  general- 
ly, two  dissimilar  metals  are  employed. 

It  has  been  already  stated  that  the  amount  of  force  set  in 
motion  in  a  voltaic  arrangement,  depends  upon  the  difference 
between  the  attraction  of  the  two  metals  for  tne  active  principle 
or  radicle  of  the  acid.    Under  circumstances  favourable  to  the 

S reduction  of  a  current,  decomposition  of  the  liquid  which  excites 
le  action  always  occurs ;  the  elements  of  the  liquid  are  separated 
from  each  other,  and  they  either  combine  with  tne  metallic  plate, 
or  else  they  accumulate  upon  its  surface,  giving  rise  to  the  condi- 
tion of  the  plates  which  is  often  described  under  the  inappropriate 
term  polarization  of  the  plates  or  electrodes.  These  adhering 
substances  oppose  the  voltaic  action  and  enfeeble  it,  owing  to  the 
tendency  of  tne  separated  components  of  the  liquid  to  re-unite. 
When,  for  example,  diluted  sulphuric  acid  is  used,  it  becomes  a 
desideratum  to  set  rid  of  the  hydrogen  which  adheres  to  the  pla- 
tinum, and  produces  a  current  in  the  opposite  direction.  The 
existence  of  this  counter-current  may  be  rendered  evident  by 
connecting  with  one  end  of  the  wire  of  a  galvanometer  a  plati- 
num plate  which  has  been  thus  opposed  to  a  plate  of  zinc :  on 
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attaching  to  the  other  end  of  the  galvanometer  wire  a  second, 
but  clean  platinum  plate,  and  plunging  both  into  diluted  acid, 
a  powerful  deflection  of  the  needle  will  be  observed. 

This  observation  has  been  ingeniously  applied  by  Grove,  who 
has  constructed  what  he  terms  a  gas  battery, >  by  opposing  a  plate 
covered  with  oxygen  to  the  plate  coated  with  hydrogen,  whilst  at 
the  same  time  he  increases  the  surfaces  of  contact  between  the 
platinum  and  the  oxygen  and  hydrogen.  Fig.  209  represents  a 
cell  of  this  battery.  It  consists  of  two  tubes  o  and 
h  ;  through  the  upper%  extremity  of  each  passes  a 
platinum  wire,  which  is  fused  into  the  glass,  and 
attached  to  a  platinum  plate  sufficiently  long  to 
reach  to  the  bottom  of  the  tube.  The  surfaces  of 
these  plates  are  coated  by  means  of  voltaic  action 
with  finely-divided  platinum,  for  the  purpose  of 
increasing  the  surfaces  of  contact  between  the 
metal  and  the  gas.  The  tube  h  has  double  the 
capacity  of  the  tube  o.  These  tubes  are  supported 
in  the  vessel  s,  by  the  plug  through  which  they 
pass.  In  order  to  use  the  apparatus,  the  vessel  s  is 
filled  with  diluted  sulphuric  acid,  and  by  inverting 
the  cell  the  tubes  are  likewise  filled  with  the  liquid. 
The  plates  in  the  tubes  o  and  h  are  then  connected 
by  the  mercury  cups  at  top  with  the  wires  of  a 
voltaic  battery  in  action,  so  that  by  the  decomposi- 
tion of  the  diluted  acid  the  tube  o  shall  become 
filled  with  oxygen,  and  the  tube  h  with  hydrogen. 
The  tubes  having  been  thus  filled,  the  battery  wires  are  with- 
drawn. If  the  mercury  cups  at  the  top  of  the  tubes  o  and  h  be 
now  connected  with  the  wires  of  a  galvanometer,  powerful  deflec- 
tion of  the  needle  will  be  produced,  and  a  current  will  be  main- 
tained through  the  apparatus  in  the  direction  of  the  arrows.  The 
two  gases  will  gradually  diminish  in  bulk,  and  will  in  a  few  days 
entirely  disappear,  but  the  current  will  be  maintained  so  long  as 
any  portions  of  the  gas  remain  uncombined.  By  connecting  8 
or  10  such  cells  in  succession,  so  that  the  oxygen  tube  of  one  cell 
shall  be  connected  with  the  hydrogen  tnbe  of  the  adjacent  celt, 
sparks  may  be  obtained  between  charcoal  points,  and  various 
cnemical  aecompositions  may  be  effected.  The  polar  chain  by 
which  these  changes  are  produced,  may  thus  be  represented  by 
symbols :  H,  JSO^  indicating  an  atom  of  diluted  acid,  0  and  H, 
representing  the  disturbing  atoms  of  oxygen  and  hvdrogen : — 


ontso<  n%so<  b^so,  h 

The  brackets  above  the  row  of  symbols  are  intended  to  show 
the  molecular  arrangement  before  the  circuit  is  completed ;  those 
beneath  the  symbols  show  the  action  during  the  passage  of  the 
current. 

Since  no  action  occurs  in  the  gas  battery  until  metallic  com- 
25 
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munication  between  the  plates  is  effected,  it  appears  that  the  use 
of  the  platinum  plates  consists  in  favouring  tne  action  bj  con- 
densing the  gases  upon  their  porous  surfaces,  and  in  acting  as 
conductors  ofthe  current. 

It  may  indeed  be  stated  generally,  that  the  accumulation  of 
either  of  the  elements  of  the  exciting  liquid  upon  the  metallic 
plates  of  a  voltaic  combination,  always  tends  to  produce  a  coun- 
ter-current, and  therefore  reduces  the  efficiency  of  the  combina- 
tion, to  a  proportionate  extent.  Hydrogen  is  tne  element  which, 
in  the  usual  mode  of  experiment,  principally  accumulates  upon 
the  negative  plate,  so  that  any  contrivance  by  which  the  adher- 
ing hydrogen  is  removed,  exalts  the  energy  of  the  circulating 
force.  This  removal  of  the  hydrogen  may  be  effected  by  means 
which  act  either  on  chemical  or  on  mechanical  principles.  Hie 
chemical  principle  is  the  most  perfect.  It  consists  in  adding  to 
the  liquid  a  compound  which  has  a  tendency  to  unite  with  the 
hydrogen  ;  hence  the  energy  of  the  current  is  much  increased  by 
mixing  a  little  nitric  acid  flijNO,)  with  the  exciting  liqjoid,  com- 
paratively little  hydrogen  oeing  set  free  in  this  case.*  The  same 
end  is  attained  oy  adding  to  the  sulphuric  acid  a  solution  of 
some  of  the  metallic  salts,  such,  for  instance,  as  sulphate  of  cop- 
per {CuJSO^.  When  sulphate  of  copper  is  employed,  metallic 
copper  is  deposited  upon  the  negative  or  conducting  plate,  whilst 
the  sulphuric  acid  radicle,  with  which  it  was  previously  united, 
combines  with  the  zinc.  A  disadvantage,  however,  is  experiencea 
when  the  liquid  which  absorbs  the  hydrogen  is  in  contact  with 
the  zinc,  and  this  is  particularly  evidenced  when  sulphate  of  cop- 
per is  used  The  zinc  acts  at  once  on  the  solution  of  copper,  and 
becomes  coated  with  reduced  copper ;  hence,  between  the  parti- 
cles of  zinc  and  those  of  the  reduced  copper  innumerable  small 
circuits  are  produced,  which  occasion  a  violent  discharge  of  hy- 
drogen from  the  entire  surface  of  the  generating  metal,  or  rather 
from  the  copper  deposited  upon  it ;  but  the  zinc  thus  dissolved 
contributes  nothing  to  the  general  effect ;  it  becomes  merely  a 
case  of  local  action  (260). 

This  experiment  with  the  sulphate  of  copper  throws  light 
xtpOTi  the  cause  of  the  effervescence  which  takes  places  when 
common  zinc  is  treated  with  diluted  sulphuric  acid.  Commercial 
zinc  always  contains  lead  and  other  foreign  metals  mixed  with  it 
in  very  appreciable  quantity  ;  these  act  as  discharges  to  the  hy- 
drogen, and  give  rise  to  numerous  local  circuits  at  all  points  of 
the  surface  of  the  zinc.  Perfectly  pure  zinc  is  dissolved  very 
slowly  in  acid  for  want  of  these  discharging  points,  but  the  acid 
is  not  absolutely  without  action  upon  the  metaL  Any  inequality 
in  susceptibility  to  chemical  action  gives  rise  to  a  current  between 
two  substances  suitably  disposed ;  hence  any  difference  in  density 
between  two  pieces  of  the  same  metal  may  suffice  to  cause  a  cur- 
rent ;  and  a  piece  of  hammered  zinc  will  generally  act  as  a  con- 

*  By  the  action  of  hydrogen  on  nitric  acid,  peroxide  of  nitrogen  (N<?»)  and  water 
are  formed,  thus :  HN0»+H=N0t+Hs0. 
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ducting  plate  to  a  piece  of  zinc  well  annealed.  The  adherence 
of  alum  of  oxide  or  of  fatty  matter  to  the  surface  of  one  piece 
will  also  cause  a  difference,  and  hence  two  pieces  of  metal  which 
may  even  have  been  cut  from  the  same  strip,  may,  under  certain 
circumstances,  produce  a  feeble  current. 

The  inconvenience  which  is  occasioned  by  local  action,  when 
nitric  acid  or  sulphate  of  copper  is  mixed  with  the  liquid  which 
is  in  contact  with  the  zinc,  may  be  avoided  by  the  employment- 
of  porous  diaphragms ;  and  if  the  zinc  or  generating  plate  be 
plunged  into  ailufed  sulphuric  acid,  whilst  the  platinum  or  con- 
ducting plate  is  made  to  dip  into  the  nitric  acid  or  into  the  solu- 
tion of  sulphate  of  copper,  which  is  separated  from  the,  generating 
plate  by  means  of  a  tube  of  porous  earthenware,  combinations  of 
great  efficiency  are  obtained. 

(265)  DanieWs  Battery. — These  important  facts  were  first 
clearly  enunciated  by  Daniell.  Their  application  to  the  voltaic 
battery  enabled  him  to  detect  the  cause  of  the  rapid  decline  in 
the  activity  observed  in  all  the  forms  of  batteries  which  up  to 
that  period  had  been  devised,  and  they  led  him  to  the  invention 
of  an  arrangement  which  not  only  ooviated  these  defects,  and 
enabled  him  to  keep  up  a  current  of  uniform,  strength  for  many 
hours,  but  also  furnished  electrical  science  with  a  battery  of  far 
greater  activity  for  its  size  than  any  which  had  previously  been 
used.  Fig.  210  exhibits  a  section  of  one  of  the  cells  of  Daniell's 
combination.  The  outer  case,  o,  con- 
sists of  a  cell,  or  cylinder  of  copper, 
which  is  constructed  so  as  to  retain 
liquids,  and  is  filled  with  a  solution  of 
sulphate  of  copper,  b,  acidulated  with 
an  eighth  of  its  bulk  of  sulphuric  acid. 
The  solution  is  kept  saturated  with  the 
salt  by  means  of  crystals  of  sulphate  of 
copper,  d,  which  rest  upon  the  perfor- 
ated shelf,  f.  In  the  axis  of  the  cell 
is  placed  a  tube  of  porous  earthenware, 
e,  filled  with  an  acid  solution,  a,  which 
consists  of  1  part  of  oil  of  vitriol  di- 
luted with  7  parts  of  water.    A  rod  of 

amalgamated  zinc,  z,  is  placed  in  this  tube.  On  making  a  me- 
tallic communication  between  the  zinc  rod  and  the  copper  cell, 
a  voltaic  current  is  established ;  and  by  employing  twenty  or 
►  thirty  cells  of  this  description,  always  connecting  the  zinc  of  one 
cell  with  the  copper  of  the  next,  a  combination  of  great  power  is 
obtained. 

The  following  diagram  may  serve  to  explain  the  manner  in 
which  the  force  is  transmitted  through  the  cells : — the  diluted 
sulphuric  acid  may  be  regarded  as  a  compound  of  hydrogen  with 
sulphur  and  oxygen,  and  is  representea  as  Q^SOt :  whilst  sul 
phate  of  copper  may  be  looked  upon  as  a  compound  of  copper 
with  the  same  compound  of  sulphur  and  oxygen,  and  is  indicated 
by  the  symbc>l  Ouo04.    Let  the  brackets  above  the  row  of  sym- 


Fio.  210. 
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bols  represent  the  connexion  of  the  particles  which  compose  the 
liquid  before  contact  is  made  between  the  plates  On  and  Zn  at 
the  ends.  The'alteration  in  the  molecular  arrangement  of  the 
liquid  which  occurs  after  the  connexion  is  made  between  the  cop- 
per and  the  zinc,  may  be  represented  by  the  altered  position  of 
the  brackets  beneath :  the  line  a,  which  divides  the  symbols  of 
the  sulphate  of  copper  from  those  of  the  sulphuric  acid,  in  this 
case  represents  the  porous  diaphragm : — 

Cu  <MS04  o£sbA  |  BJSOA  BJSO<  Zn 

The  result  of  the  actiotf  is,  that  so  long  as  the  contact  between 
the  plates  is  maintained,  sulphate  of  zinc  is  formed  uninterrupt- 
edly in  the  porous  tubes,  whilst  a  continual  deposit  of  a  corre- 
sponding quantity  of  metallic  copper  takes  place  upon  the  inter- 
nal surface  of  the  copper  cylinder.    Fig.  211  shows  a  convenient 

Fig.  211. 


and  inexpensive  form  of  Daniel's  battery.    The  solution  of  sul- 

5 hate  of  copper  is  contained  in  glass  or  earthenware  jars  7  inches 
eep,  and  3£  inches  in  diameter.  The  copper  plates  consist 
merely  of  rectangular  sheets  of  copper,  one  of  winch  is  repre- 
sented at  a  ;  they  are  bent  into  a  cylindrical  shap*  and  placed  in 
the  jars.  By  means  of  the  strip  J,  each  plate  is  easily  connected 
with  the  zinc  rod  of  the  adjacent  cell,  and  made  fast  to  it  by  the 
binding-screw  o.  The  colander,  for  the  support  of  the  crystals 
of  sulphate  of  copper,  rests  upon  three  or  four  little  pieces  of 
copper,  which  are  made  to  project  inwards  upon  the- sheets,  at  a 
suitable  height  as  shown  at  d.  At  b,  several  cells  of  the  battery 
are  represented  as  arranged  in  a  consecutive-series.  Twenty  such 
cells  compose  a  battery  adequate  to  the  performance  of  almost 
any  experiments  of  the  chemical  decomposition  of  bodies  in  solu- 
tion. 

It  is  essential  in  mounting  a  voltaic  arrangement  of  any  kino, 
that  the  surfaces  of  contact  between  the  metals  be  perfectly  elean : 
a  film  of  oxide  will  materially  impede  the  transmission  of  the 
current,  and  if  the  force  in  circulation  be  feeble,  it  may  even 
arrest  it  altogether.    As  a  precaution,  it  is  better  before  connect- 
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ing  the  different  parts  of  the  apparatus,  to  pass  a  file  or  a  piece 
of  emery-paper  over  all  the  surfaces  of  the  copper,  the  zinc,  or  the 
other  oxidizable  metals  which  are  to  be  placed  in  contact  with 
each  other.  Surfaces  of  platinum,  if  well  washed  and  dried,  do 
not  need  friction  with  emery-paper. 

(266)  GrovJs  Nitrio-Acia Battery. — The  nitric-acid  battery, 
contrived  by  Grove,  is  a  still  more  powerful  combination  on  the 
same  principle  as  Daniell's.  It  consists  of  a  slip  of  platinum,  p, 
fig.  212,  which  is  plunged  into  the  porous  tube,  n,  and  this  is 

filled  up  with  undiluted 
Fml  212,  __  nitric  acid.     The  outer 

cell,  s,  is  filled  with  di- 
luted sulphuric  acid,  and 
in  this  acid  is  placed  a 
flat  sheet  of  amalga- 
mated zinc,  z,  bent  so  as 
to  infold  the  porous  tube. 
The  acid  liquid  in  s  may 
be  conveniently  made  of 
1  measure  of  oil  of  vitriol 
diluted  with  4  measures 
of  water.  This  combi- 
nation presents  in  a  small  compass  the  principal  desiderata  for ' 
attaining  intense  voltaic  action.  Platinum  is  the  least  liable  of 
the  metals  to  chemical  action,  whilst  amongst  the  metals  that 
admit  of  being  easily  wrought,  zinc  is  the  one  which  is  most 
readily  attacked  by  acids ;  consequently  the  opposition  of  plati- 
num to  zinc  furnishes  a  most  effective  voltaic  combination ;  whilst 
nitric  acid  absorbs  with  ease  the  hydrogen  liberated  on  the  plati- 
num, and  thus  forms  water  and  nitrous  acid,  which  remain  in 
solution  in  the  undecomposed  acid  j  the  resulting  liquid  consti- 
tutes one  of  the  most  perfect  of  liquid  conductors.  If  HN090  in 
------  ......  "S04  diluted 

zinc  one,  the 
the  action  by 

the  position  of  the  brackets  above,  and  after  the  action  by  the 
position  of  those  below. 


Pt  H  N<9,0  |  H„  80,  H,  SO,  Zm, 

With  a  battery  of  ten  such  cells,  5  inches  high  and  2£  inches 
wide,  a  large  number  of  brilliant  experiments  may  be  performed, 
but  four  or  five  cells  are  generally  sufficient  for  most  purposes  of 
electro-chemical  decomposition.  If  oil  of  vitriol  be  mixed  with 
the  nitric  acid  in  the  porous  cells  in  the  proportion  of  about  equal 
measures,  a  current  is  thus  obtained,  the  strength  of  which  is 
more  uniform  than  when  nitric  acid  only  is  used  (Callan). 

With  a  view  to  economy,  Bunsen  substitutes  for  the  platinum 
plates  in  Grove's  battery,  cylinders  of  carbon,  prepared  by  heat- 
ing together  a  mixture  of  powdered  coke  and  caking  coal,  or  pow- 


Digitized  by  VjOCKZIC 


390 


BUMSKlf's  AND  SMEE's  BATTERIE8. 


dered  coke  moistened  with  a  strong  solution  of  sugar.  A  firm 
coherent  coke  is  thus  obtained.  Cylinders  made  of  this  material 
answer  well  while  new ;  but  bein^  porous,  the  carbon  absorbs  the 
nitric  acid,  which  corrodes  and  impairs  the  surface  of  contact 
with  the  zinc.    A  better  material  is  the  hard  carbon  from  the 

?is  retorts,  but  it  is  difficult  to  shape  it  into  the  form  of  plates, 
oggendorff  (Ziebig's  Annal.  xxxviii.  308)  has  employed  plates 
either  of  sheet  iron  or  cast  iron  instead  of  either  platinum  or  car* 
bon ;  in  strong  nitric  acid  the  iron  is  totally  unacted  on ;  but  if 
the  acid  become  diluted  till  it  has  a  specific  gravity  of  1*35,  or 
less,  it  is  liable  to  act  upon  the  metal  with  uncontrollable 
violence.  No  combination  possesses  the  intense  energy,  in  union 
with  convenience  of  working  and  comparative  durability,  in  the 
same  degree  as  that  proposed  by  Grove.  It  is  necessary,  how- 
ever, to  place  the  nitric  acid  battery  so  that  the  fumes  of  nitric 
acid  (which  are  copiously  evolved  during  its  action,  especially 
after  the  battery  has  been  in  use  for  some  time)  shall  pass  at 
once  into  the  open  air ;  as  they  would  otherwise  seriously  incom- 
mode the  operator. 

(267)  The  other  mode  of  obviating  the  counteracting  agency 
of  hydrogen  upon  the  negative  plate  of  the  battery  is  less  perfect, 
and  is  of  a  mechanical  nature.  It  was  first  practically  applied  by 
Smee  in  the  construction  of  the  voltaic  battery.  Hydrogen  ad- 
heres to  smooth  surfaces  of  platinum  and  other  metals  with  con- 
siderable force,  but  it  passes  off  with  ease  from  their  asperities 
and  edges :  by  multiplying  their  points  and  irregularities,  as,  for 
example,  by  the  deposition  of  metal  on  the  surface  in  a  pulveru- 
lent form,  the  escape  of  the  gas  is  much  facilitated.  Smee  em* 
ploys  as  the  negative  or  conducting  plate  in  his  battery,  a  plate  of 
silver,  the  face  of  which  has  been  roughened  by  the  deposition 
of  finely  divided  platinum  upon  its  surface ;  each  side  of  the  silver 
plate  being  exposed  to  a  plate  of  zinc  well  amalgamated,  and  of 
equal  extent,  which  acts  as  the  positive  plate.  This  pair  of  plates 
is  excited  by  means  of  diluted  sulphuric  acid.    Fig.  213  represents 

Fig.  218. 


a  battery  constructed  upon  Smee's  principle :  a  thin  platinized 
silver  plate  is  supported  in  a  light  frame  of  wood,  as  shown  de- 
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tached  at  b  ;  to  the  upper  part  of  this  frame  a  binding-screw,  in 
metallic  connexion  with  the  silver,  is  fastened,  for  the  purpose  of 
connecting  the  plate  with  the  zinc  plates  of  the  adjoining  cell,  by 
means  of  a  strip  of  sheet  copper  bent  as  at  o ;  on  either  side  of 
the  silver  plate  a  sheet  of  amalgamated  zinc,  z,  z,  is  supported  by 
the  clamp  shown  at  b ;  the  zinc  plates  are  prevented  from  con- 
tact with  the  silver  plate  by  means  of  the  wooden  frame,, and 
they  are  connected  with  the  silver  of  the  adjacent  cell  by  a 
second  binding-screw  in  the  clamp  shown  at  J;  the  separate 
plates  are  attached  to  a  wooden  frame,  and  being  counterpoised 
by  weights,  as  indicated  in  the  figure,  can  be  lowered  into  the 
trough  of  acid  when  wanted  for  use,  or  can  be  withdrawn  from  it 
when  the  experiment  is  over.  The  trough  is  divided  into  separate 
cells  or  compartments  for  each  pair  of  plates,  by  glass  partitions 
rendered  water-tight  by  means  of  a  resinous  cement. 

(268)  Resistances  to  the  Voltaic  Ourr&ni. — The  amount  of 
force  which  circulates  in  any  given  circuit  is  not  dependent  solely 
upon  the  energy  of  the  chemical  action  which  is  exerted  between 
the  generating  metal  and  the  exciting  liquid.  The  current  expe- 
riences a  retardation  or  a  resistance  from  the  very  conductors  by 
which  its  influence  is  transmitted ;  just  as  in  the  transmission  of 
mechanical  force,  the  intervention  of  the  pivots  and  levers  which 
are  required  for  its  conveyance  introduces  additional  friction  and 
additional  weight,  which  require  to  be  overcome  or  moved,  and 
which  thus  diminish  the  efficient  power  of  the  machine. 

The  resistance  to  the  voltaic  current  may  be  considered  as  of 
two  kinds — first,  that  resistance  which  arises  from  the  exciting 
liquid  employed  in  the  voltaic  cell  itself;  and  secondly,  that 
which  arises  from  the  conducting  wire  and  apparatus  exterior  to 
the  voltaic  cell.  In  a  large  number  of  cases  the  resistance  offered 
by  the  exciting  liquid  is  by  much  the  most  considerable,  and  it  is 
inseparable  from  tne  combination ;  whilst  the  second  source  of  re- 
sistance, or  that  which  is  exterior  to  the  cell,  can  be  increased  or 
diminished  at  pleasure,  and  by  the  employment  of  very  short 
and  thick  wires  for  connecting  the  plates,  can  be  virtually  re- 
moved altogether  or  annihilated.  It  will  be  advisable  to  con- 
aider  firet  the  resistance  produced  by  the  liquid  in  the  active  cell 
itself. 

If  plates  of  equal  size  be  taken,  the  resistance  occasioned  by 
the  liquid  increases  directly  as  the  distance  between  the  plates ; 
the  longer  the  column  of  imperfectlv  conducting  matter  which 
the  force  has  to  traverse,  the  greater  is  the  difficulty  which  it  will 
experience.  If  two  plates  be  immersed  in  acid  at  the  distance  of 
an  inch  asunder,  they  will  produce  12  times  the  effect  that  they 
would  occasion  at  the  distance  of  a  foot  from  each  other.  On  the 
other  hand,  the  larger  the  area  of  the  plates  that  are  immersed, 
the  less  is  the  resistance.  For  example,  if  a  pair  of  plates  1  inch 
broad  and  12  inches  long,  be  immersed  in  acid  to  the  depth  of  1 
inch  only,  the  current  produced  will  only  be  equal  to  one-twelfth 
of  that  which  would  be  obtained  bv  immersing  each  plate  for  its 
whole  depth  of  12  inches  in  the  liquid*    The  resistance  of  the 
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liquid  is  therefore  directly  as  the  distance  between  the  plates,  and 
inversely  as  the  surface  of  the  plates  exposed  to  its  action.  A 
pair  of  plates  exposing  each  a  square  inch  of  surface,  immersed  in 
acid  at  a  distance  of  1  inch  apart,  will  consequently  produce  an 
effect  equal  to  that  which  would  be  obtained  from  a  pair  of  plates 
which  each  exposed  a  surface  of  12  square  inches  to  the  action  of 
the  liquid,  if  they  were  12  inches  apart. 

A  case  somewhat  analogous  is  offered  when  water  is  trans- 
mitted through  pipes.  The  greater  the  length  of  the  pipe,  the 
more  considerable  will  be  the  friction  and  the  consequent  resist- 
ance to  the  passage  of  the  liquid ;  whilst  the  larger  the  area  of  the 
pipe  the  more  readily  will  the  water  escape.  An  aperture  which 
exposes  a  sectional  area  of  two  square  mches  will  allow  twice 
as  much  water  t>  escape  from  it  in  a  given  time  as  an  aperture 
of  which  the  superficial  area  is  but  a  single  square  inch. 

If  the  two  plates  are  of  unequal  size,  out  are  immersed  paral- 
lel to  each  other,  they  may,  for  most  practical  purposes,  be  cal- 
culated as  each  exposing  a  surface  equal  to  the  mean  surface  of 
the  two.  Other  circumstances  independent  of  the  extent  of  sur- 
face exposed  by  the  plates,  and  the  distance  between  them,  mate- 
rially influence  the  resistance  of  different  liquids  to  the  current. 
Any  cause  that  favours  chemical  action  between  the  active  metal 
and  the  liquid,  or  which  diminishes  the  force  by  which  the  elements 
of  the  liquid  are  united,  such  as  elevation  of  temperature,  dimin- 
ishes the  resistance  of  the  liquid.  In  most  cases  an  increase  in 
the  concentration  of  the  solution,  provided  its  strength  be  not  so 
great  as  to  render  deposition  of  crystals  liable  to  occur,  diminishes 
the  resistance  (278).  The  current  likewise  experiences  a  specific 
resistance  in  each  liquid  which  depends  upon  the  force  with 
which  its  particles  are  united  together. 

Similar,  but  distinct  resistance,  though  to  a  less  extent,  is 
offered  by  the  metallic  part  of  the  circuit.  However  good  its 
conducting  power  may  be,  it  always  offers  some  obstruction  to 
the  current.  The  longer  the  wire  employed,  the  greater  is  the 
difficulty  experienced  by  the  force  in  traversing  it.  The  resist- 
ance of  each  metal,  like  that  of  each  liquid,  is  specific.  Copper 
and  silver,  for  instance,  when  wires  of  equal  thickness  and  length 
are  compared,  offer  far  less  resistance  to  a  given  amount  of  force 
than  less  perfect  conductors,  such  as  iron  and  lead.  Experiment 
has  demonstrated  that  with  metallic  conductors  the  same  law 
holds  good  as  with  liquids — viz.,  that  the  conducting  power  is 
inversely  as  the  length  of  the  wire,  and  directly  as  the  area  of  its 
section.  In  cylindrical  wires  this  sectional  area  will  of  course 
vary  as  the  square  of  the  diameter  of  the  wire ;  for  instance,  a 
wire  J?  of  an  inch  in  thickness  will  for  equal  lengths  offer  four 
times  the  resistance  of  a  wire  ^T  or  j  of  an  inch  thick.  If  wires 
of  the  same  metal,  and  of  equal  lengths,  be  compared,  the  resist- 
ance will  vary  inversely  as  the  weignts  of  the  wires. 

In  the  experiment  with  sulphate  of  copper  (fig.  206),  the* 
metal  is  deposited  in  greatest  quantity  where  the  force  is  most 
readily  transmitted — viz.,  in  those  points  which  are  nearest  to 
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the  zinc,  and  where  the  resistance  offered  by  the  liquid,  which 
here  forms  the  thinnest  layer,  is  consequently  the  least. 

A  rod  of  zinc  supported  within  a  cylinder  of  copper  forms  a 
convenient  arrangement  of  the  generating  and  conducting  plates, 
because,  when  such  a  rod  is  placed  in  the  axis  of  the  cylinder,  the 
force  is  evenly  distributed  over  the  whole  surface  of  the  copper. 

(269)  Difference  between  a  Simple  and  a  Compound  OircwU. — 
The  observations  hitherto  made  have  referred  to  cases  in  which 
only  a  single  pair  of  metals  is  employed.  It  will  be  necessary 
now  to  consider  in  what  way  the  results  are  modified  by.  the  em- 
ployment of  several  pairs  of  plates.  It  has  already  been  stated, 
when  speaking  of  the  electricity  developed  by  friction,  that  when 
a  large  supply  of  electricity  is  needed,  it  may  be  obtained  with 
equal  effect  either  from  a  single  Leyden  jar  which  exposes  a  large 
extent  of  coated  surface,  or  from  a  number  of  smaller  jars  which 
together  expose  the  same  amount  of  coated  surface,  all  the  inner 
surfaces  of  the  small  jars  being  in  metallic  communication  with 
each  other,  but  insulated  from  the  outer  coatings,  all  of  which 
likewise  are  connected  by  some  good  conducting  material  (235). 
A  similar  result  is  also  obtained  in  voltaic  arrangements.  Pro- 
vided that  the  plates  expose  the  same  extent  of  surface  .and  be 
kept  at  an  equal  distance  apart,  it  matters  not  whether  they  be 
immersed  in  a  single  vessel  of  liquid,  or  whether  they  be  cut  up 
into  strips  and  be  immersed  in  pairs  in  separate  vessels  of  the 
same  liquid.  The  only  requisite  is  that  all  tne  zinc  plates  shall 
be  connected  together  by  stout  metallic  wires,  and  tnat  all  the 
platinum  plates  shall  be  similarly  connected  by  other  wires.  No 
action  will  occur  until  metallic  communication  between  one  of 
the  platinum  and  one  of  the  zinc  plates  is  effected  by  means  of  a 
conducting  wire ;  and  then  the  whole  force  of  the  united  plates 
will  traverse  the  connecting  wire. 

These  results  may  be  exhibited  to  the  eye  in  a  form  of  battery 
in  which  the  hydrogen  evolved  from  each  platinum  plate  admits 
of  being  collected — a  contrivance  proposed  by  Daniell,  which  he 
called  a  dissected  battery.  Fig.  214  shows  the  manner  of  mount- 
ing one  of  these  cells.  When  in  use 
the  cells  are  charged  with  diluted 
sulphuric  acid,  and  a  small  graduated 
jar,  h,  also  filled  with  the  diluted 
acid,  is  inverted  in  each  of  the  cells 
over  the  platinum  plate,  p,  in  such  a 
manner  as  to  receive  the  hydrogen 
which  is  disengaged  during  the  oper- 
ation. The  plates  of  such  a  battery 
can  easily  be  connected  so  that  all 
the  plates  of  zinc,  z,  shall  be  united 
by  conducting  wires,  and  all  the  pla- 
tinum plates  in  a  similar  way  by 
other  wires ;  or  they  can  with  equal 
readiness  be  united  so  that  the  zinc 
of  one  cell  shall  be  connected  with 


Fig.  214. 
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the  platinum  of  the  following  cell.  Suppose,  for  instance,  two 
plates  (z  and  p,  fig.  215),  one  of  zinc,  the  other  of  platinum,  each 
six  inches  square,  be  immersed  in  a  vessel  of  sulphuric  acid,  at  a 
distance  of  an  inch  apart 

A  current  of  a   certain  *»•  *15. 

amount  of  power  will  be 
obtained  on  connecting 
the  two  plates  by  means  of 
a  wire,  w;  and  in  five  min- 
utes a  certain  quantity  of 
zinc  will  be  dissolved, 
whilst  a  corresponding  quantity  of  hydrogen  gas  will  escape 
from  the  platinum.  Now  if  the  zinc  and  the  platinum  be  each 
cut  into  strips  of  an  inch  broad  and  six  inches  long,  and  the  sev- 
eral pairs  of  zinc  and  platinum  strips  be  immersed  in  separate 
vessels  of  diluted  suphuric  acid  at  the  distance  of  one  inch  from 

Fig.  216. 


each  other,  and  if,  as  in  fig.  216,  all  the  zinc  strips  z,  z,  be  con- 
nected by  wires,  and  all  the  platinum  strips,  p,  p,  be  similarly 
united,— on  connecting  them  together  by  a  wire,  as  shown  at  w, 
the  same  amount  of  power  will  traverse  the  wire  as  in  the  first 
combination,  and  the  quantity  of  zinc  dissolved  in  the  six  plates 
taken  together  will  in  five  minutes  be  the  same  as  that  which 
was  dissolved  from  the  single  zinc  surface  in  the  first  arrange- 
ment ;  whilst  the  quantity  of  hydrogen  gas  which  will  rise  from 
all  the  six  plates  ot  platinum  together  will  be  ecjual  to  that  ob- 
tained from  the  single  plate  in  the  former  experiment  (fig.  215). 
Such  a  combination,  in  whichever  of  the  forms  just  described  it 
be  employed,  may  be  regarded  as  a  single  pair  of  plates,  and  it 
constitutes  a  simple  voltmc  circuit. 

By  acting  upon  extensive  surfaces  arranged  in  simple  circuits, 
the  quantity  of  electricity  which  can  be  thrown  into  circulation 
is  very  large,  though  its  intensity,  that  is  to  say,  its  power  of 
overcoming  resistances,  is  comparatively  small. 

The  results  would,  nowever,  be  altered  if,  instead  of  connecting 
the  divided  plates  together  in  the  manner  represented  in  fig.  216, 
they  were  connected  as  in  fig.  217,  in  which  the  zinc  in  each  cell  is 
supposed  to  be  connected  with  the  platinum  plate  of  the  adjacent 
cell,  in  regular  order  through  the  series.  When  the  extreme  plates 
are  connected  by  a  thick  wire,  w,  the  amount  of  force  whicn  trar 
verses  this  wire  in  a  given  time  is  eqppl  to  one-sixth  only  of  the 
force  which  was  thrown  into  circulation  in  the  former  instances ; 
but  the  quantity  of  zinc  dissolved  in  the  six  cells  taken  together 
is  the  same  as  before :  and  if  the  hydrogen  be  collected  from  the 
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six  platinum  plates,  the  quantity  will  still  be  equal  to  that  dia- 

Fig.  217. 


engaged  in  the  experiments  shown  in  figs.  215  and  216.  The 
current  has  now  to  traverse  each  cell  of  the  liquid  in  succession, 
and  thus  has  to  encounter  a  great  additional  resistance.  Yet 
now  the  power  starts  from  six  separate  points  of  origin,  and  each 
of  these  separate  points  adds  its  energy  or  impulse  in  driving 
forward  the  current  The  electro-motive  force  is  increased  six- 
fold, whilst  the  resistance  of  the  liquid  is  increased  still  more ;  in 
the  first  place  it  is  increased  sixfold,  from  the  circumstance  that 
the  lengtn  of  the  column  of  liquid  which  must  be  traversed,  is  six 
times  as  great,  and  it  is  next  farther  increased  sixfold  by  a  pro- 
portionate diminution  in  the  breadth  x>f  the  column.  In  the  ar- 
rangement of  fig.  215  there  was  a  column  of  liquid  six  inches 
wick  and  one  inch  thick  to  be  traversed ;  whilst  in  the  ar- 
rangement of  fig.  217  there  is  a  liquid  column  six  inches  thick 
and  only  one  inch  wide  to  be  traversed.  When  the  plates  are 
arranged  in  separate  compartments,  and  are  connected  together 
alternately,  as  in  fiff.  217,  they  constitute  a  compound  voltmc  cir- 
cuit. Voita's  pile  Tfig.  202)  and  his  crown  of  cups  (fig.  203)  are 
therefore  compound  circuits,  and  it  is  this  form  of  combination 
which  enabled!  him  to  obtain  results  so  much  superior  to  those  of 
any  previous  experimenter.  The  electricity  in  this  case  is  not 
greater  in  quantity  than  that  obtainable  from  a  simple  circuit ; 
nay,  it  is  often  much  less ;  but  it  has  a  much  higher  intensity, 
and  its  power  of  overcoming  resistances  is  very  much  greater,  as 
a  further  examination  will  show.  If,  for  example,  50  or  100 
miles  of  wire,  such  as  is  used  for  telegraphic  purposes,  be  intro- 
duced in  a  combination  arranged,  as  in  fig.  216,  as  a  simple  cir- 
cuit, the  effect  obtained  would  be  very  materially  less  than  if  the 
same  plates  were  arranged  in  the  form  of  a  compound  circuit,  as 
shown  in. fig.  217. 

(270)  vkm!%  Theory. — These  considerations  may  be  much 
simplified,  by  representing  the  mutual  action  of  the  electro-mo- 
tive forces  and  the  resistances  of  any  circuit,  simple  or  compound, 
in  the  form  of  a  fraction,  in  the  way  proposed  by  Ohm. 

It  has  been  found  by  experiment  that  the  power  of  any  com- 
bination is  directly  proportioned  to  the  electro-motive  force,  or 
chemical  energy  between  the  active  metal  and  one  of  the  elements 
of  the  liquid  upon  which  it  acts ;  and  inversely  proportioned  to 
the  resistances  to  be  overcome.  The  numerator  of  the  fraction 
will  therefore  be  represented  by  E,  the  electro-motive  force,  and 
the  denominator  by  Jft+r;  where  R  represents  the  resistance  in 
1  the  cell  or  the  battery,  (due  chiefly  to  the  attraction  between  the 
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elements  of  the  liquid  for  each  other),  and  r  all  resistances  exte- 
rior to  the  cell  or  the  battery,  such  as  the  connecting  wire :  thus 
the  expression  -£-r=A,  would  represent  the  effect  of  any  com- 
bination where  A  indicates  the  amount  of  force  actually  in  circu- 
lation, whether  measured  by  its  heating  or  by  its  magnetic  effects. 
If  the  connecting  wire  be  very  thick,  so  as  to  offer  little  or  no  re- 
sistance to  the  current,  r  becomes  evanescent,  and  the  fraction  as- 
sumes the  form  of  f =A  ;  the  force  of  the  current  under  these  cir- 
cumstances is  proportional  to  the  surface  of  the  plates  exposed  to 
the  action  of  the  liquid. 

Let  it  be  assumed,  for  example,  that  J?=l,  and  that  i?=l, 
when  a  pair  of  zinc  and  platinum  plates  an  inch  broad  and  six 
inches  long  is  immersed  in  diluted  acid  at  the  distance  of  one 
inch  asunder ;  so  that  under  these  circumstances,  %=\  =1.  If  a 
pair  of  plates  six  inches  broad  and  six  inches  long,  also  at  a  dis- 
tance 01  one  inch  apart,  be  immersed  in  the  san^e  acid,  since  the 
resistance  is  inversely  as  the  surface  of  the  plates  immersed,  the 

fraction  becomes  JL  or  J_=6  5  or  *he  power  is  increased  sixfold, 

6  6 

as  compared  with  the  former.  If  the  plates  be  each  cut  into  six 
similar  strips,  and  be  then  arranged  in  pairs,  as  represented  in 
fig.  216,  the  same  fraction  still  represents  the  result,  since  the 
relative  size  and  distance  of  the  plates  remain  unchanged :  but  if 
the  plates  be  arranged  in  succession,  so  as  to  produce  a  compound 
circuit,  as  in  fig.  217,  the  fraction  becomes  Jg=f  =1 ;  the  electro- 
motive force  is  increased  sixfold,  but  the  resistance  is  increased 
also  in  exactly  the  same  proportion.  The  force  which  under 
these  circumstances  circulates  through  the  connecting  wire  is  not 
greater  than  if  a  single  cell  only,  containing  a  pair  of  plates  one 
inch  broad  and  six  inches  long,  were  employed. 

But  suppose  now  that  several  miles  of  wire,  such  as  are  em- 
ployed in  telegraphic  communication,  be  introduced  into  the  two 
combinations  severallv  represented  in  figs.  216  and  217 ;  r  now  ac- 

Suires  importance ; — let  the  resistance  be  twentyfold  greater  than 
lat  of  the  liquid  in  each  cell.    In  the  first  case  (with  the  simple 

circuit),  the  fraction  becomes  3F^==r^  ==0*049  ;    in  the  second 
i  s         s 

(the  compound  circuit),  the  fraction  is  e^r==«^o=^ "^  :  *° 
that  although  in  both  cases  the  resistance  introduced  most  mate- 
rially diminishes  the  amount  of  force  which  enters  into  circula- 
tion, the  power  iji  the  compound  circuit  is  now  five  times  as  great 
as  that  which  emanates  under  these  circumstances  from  the  sim- 
ple circuit.  Indeed,  in  all  cases  where  great  resistances  external 
to  the  battery  have  to  be  overcome,  a  compound  battery  has  a 
great  advantage  over  the  simple  circuit.* 

*  Let  n  =  the  number  of  plates  in  a  compound  circuit. 
„  E  =  the  electro-motive  force. 
„  D  =  the  distance  between  the  plates. 
„   8  =  the  area  of  the  plates. 
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(271)  Chemical  Decomposition. — It  is  important  to  remember 
that  the  force  which  circulates  through  each  cell  in  a  compound 
circuit  is  not  increased  by  the  arrangement,  if  the  connexion  be- 
tween its  extremities  be  made  by  means  of  a  good  conductor ;  if, 
for  example,  50  similar  and  equal  cells  be  connected  in  succes- 
sion, and  be  united  by  a  stout  short  wire,  the  quantity  of  zinc 
which  would  be  dissolved  in  a  given  time  in  each  of  these  cells 
would  not  be  greater  than  that  which  would  be  consumed  in  a 
single  cell  of  the  same  size  in  the  same  time,  if  the  plates  which 
compose  it  were  connected  by  a  short  thick  wire. 

The  power  of  a  compound  circuit  is  shown  in  a  striking  man- 
ner, when  some  liquid  such  as  diluted  sulphuric  acid  is  interposed 
in  the  course  of  the  conducting  wire.  The  experiments  which 
elucidate  this  point  may  be  instructively  performed  by' means  of 
the  dissected  battery.    If  a  pair  of  platinum  plates,  0,  &,  fig.  218, 


Fig.  218. 


0! 


be  immersed  in  the  acid  conducting-liquid  at  b,  and  connected 
with  the  wires  proceeding  from  the  compound  circuit  in  the 
manner  represented  in  the  figure,  the  liquid  will  be  decomposed, 
oxrgen  will  be  given  off  from  one  plate,  a,  and  will  rise  in  the 
tube  o  ;  whilst  hydrogen  will  be  given  off  from  the  other  plate, 
J,  and  may  be  collected  in  the  tube,  h  :  but  if  the  same  cells  be 
arranged  as  a  simple  circuit,  fig.  216,  no  such  effect  is  produced. 
By  the  introduction  of  the  liquid  conductor  at  b,  the  resistance 
is  very  greatly  increased,  such  a  resistance  being  more  consider- 
able than  that  of  many  miles  of  wire.  But  this  is  not  all :  be- 
sides this  resistance,  a  new  counteracting  electro-motive  force 
shows  itself,  which  gives  rise  to  a  current  operating  in  a  direction 
the  reverse  of  that  in  the  battery.  This  force  is  due  to  the  oxy- 
gen and  hydrogen  which  are  separated  upon  the  platinum  plates, 


Let  I  =  the  length  of  the  conducting  wire. 
„  t  =  the  area  of  a  section  of  the  wire. 
The  fraction  which  represents  the  action  of  a  compound  battery  when  its  extremities 
are  connected  by  means  of  a  metallic  wire  of  uniform  diameter  is  the  following: 

a  B 
»2>      *  —A.    In  this  expression  -=  is  substituted  for  R,  (the  resistance  in  each  cell  of 
S      «  * 

the  battery)  to  which  it  is  equivalent ;  since  R  is  directly  as  the  distance  between  the 

plates,  and  inversely  as  their  area,  or  surface,  while  -  represents  r. 
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and  which,  as  has  been  explained  when  speaking  of  the  gas 
battery  (364),  is  very  considerable.  Experiment  shows  that  it  is 
between  two  and  three  times  as  powerful  as  the  electro-motive 
force  of  a  pair  of  zinc  and  platinum  plates  excited  by  diluted  sul- 
phuric acid.  When,  therefore,  the  endeavour  is  made  to  deoom- 
Cthe  diluted  acid  by  a  single  pair  of  zinc  and  platinum  plates, 
ever  large  a  surface  they  may  present  to  the  action  of  the 
exciting  liquid,  no  visible  action  in  the  cell  b  ensues ;  a  momen- 
tary decomposition,  too  small  in  amount  to  be  perceived  by  the 
eye,  produces  a  development  of  oxygen  and  hydrogen  upon  the 
two  platinum  plates,  0,  i,  sufficient  to  oppose  an  effectual  barrier 
to  the  transmission  of  the  current  Even  when  two  pairs  of  zinc 
and  platinum  plates  are  used,  the  energy  of  the  current  is  insuf- 
ficient to  effect  any  visible  decomposition :  with  three  pairs,  a  few 
bubbles  of  gas  show  themselves;  and  with  a  more  numerous 
series,  the  efiects  increase  rapidly  ;  till  at  length  a  point  is  gained, 
beyond  which  no  advantage  is  obtained  by  increasing  the  num- 
ber of  cells  in  the  battery. 

It  is  particularly  worthy  of  remark  that  in  every  vertical  sec- 
tion of  any  voltaic  circuit  at  a  given  instant,  the  quantity  of  force 
which  traverses  it  is  uniform :  consequently,  the  same  quantity 
of  hydrogen  makes  its  appearance  upon  the  plate  b  of  the  cell  p, 
which  contains  the  liquid  for  decomposition,  as  is  disengaged  and 
collected  during  the  same  interval  from  each  plate  in  the  battery 
itself.  If  each  zinc  plate  of  the  battery  be  weighed  before  the 
experiment  is  begun  and  after  it  is  concluded,  it  will  be  found 
that  each  plate  has  lost  weight  to  an  equal  extent.  The  interpo- 
sition of  the  liquid  at  b,  may  occasion  a  great  reduction  in  the 
amount  of  power  which  is  thrown  into  circulation ;  but  at  every 
transverse  section  of  the  battery,  the  power  that  does  circulate  is 
uniform  in  quantity ;  and  the  measurement  of  the  chemical  ac- 
tion, whether  it  be  estimated  by  the  quantity  of  gas  which  is 
evolved  at  any  one  point,  or  by  the  quantity  of  zinc  which  is  dis- 
solved, may  be  employed  as  a  sure  indication  of  the  quantity  of 
power  in  circulation :  in  other  words,  retardation  of  the  current 
by  the  liquid  conductor  is  necessarily  attended  with  an  equal 
retardation  in  the  conducting  wire,  and  in  each  cell  of  the  bat- 
tery itself. 

(272)  The  Voltameter.— The  foregoing  important  law  was 
discovered  by  Faraday.  As  one  of  its  consequences  he  was 
enabled  to  employ  a  decomposing  cell,  such  as  is  shown  at  b,  fig* 
218,  as  a  measure  of  the  voltaic  power  of  any  circuit :  such  an 
instrument  is  called  a  Voltameter.  For  each  32.7  grains  of  zinc 
dissolved  in  any  one  cell  of  the  battery,  9  grains  of  water  are 
decomposed  in  the  voltameter,  and  46*6  cubic  inches  of  hydro- 

Sen  or  1  grain,  and  23*3  cubic  inches  of  oxygen  or  8  grains,  at 
0°  F.  and  30  inches  Bar.,  are  evolved  upon  its  plates ;  at  the 
same  time  46*6  cubic  indies  of  hydrogen  are  evolved  from  every 

!)latinum  plate  in  the  cells  of  the  battery.    A  more  convenient 
brm  of  voltameter  is  shown  in  fig.  219.    It  consists  of  an  upright 
glass  cell,  to  the  neck  of  which  a  bent  tube,  0,  for  the  conveyance 
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of  the  disengaged  gases,  is  fitted  by  grinding ;  the  vessel  is  filled 
with  diluted  sulphuric  acid ;  a,  J,  are  the  two  platinum  plates, 
each  of  which  is  con- 
nected by  a  wire  which  ***  219* 
passes  through  the 
foot  of  the  instrument, 
to  a  mercury  cup,  by 
means  of  which  com- 
munication can  be 
made  with  the  wires 
which  convey  the  cur- 
rent from  the  battery : 
oxygen  and  hydrogen 
are  liberated  by  the 
action  of  the  current 
upon  the  acidulated 
water,  both  gases  then  rise  to  the  surface  of  the  liquid,  and  are 
conveyed  by  the  bent  tube  0,  to  the  graduated  jar,  d,  which 
stands  in  a  small  pneumatic  trough. 

It  is  to  be  observed  that  the  action  of  a  simple  zinc  and  pla- 
tinum battery  is  not  steady ;  it  gradually  declines,  and  before  the 
acid  has  become  saturated  with  zinc,  the  current  almost  ceases. 
On  breaking  the  contact  of  the  conducting  wire  with  the  two 
ends  of  the  battery,  and  allowing  it  to  remain  disconnected  for  a 
few  minutes,  the  action  is  partially  restored ;  but  it  again  gra- 
dually declines  after  the  circuit  has  been  completed.  These 
effects  were  traced  by  Daniell  to  the  action  of  the  current  upon 
the  sulphate  of  zinc,  which  is  formed  in  each  cell  of  the  battery 
during  the  operation ;  the  zinc  salt  is  decomposed  in  the  manner 
shown  in  the  subjoined  diagram,  in  which  Zn804  represents  the 
sulphate  of  zinc,  and  Pt  and  Zn  the  platinum  and  zinc  plates  of 
the  cell.  The  brackets  placed  above  the  symbols  indicate  the 
arrangement  of  the  particles  before  the  current  passes;  those 
below  show  the  change  produced  by  the  voltaic  action : — 

Pt  £fsbA,  Zff^SO,  Zk. 

In  this  manner  metallic  zinc  becomes  reduced  or  deposited 
upon  each  platinum  plate,  and  the  power  of  the  battery  is  arrested 
wnen  the  two  surfaces  which  are  opposed  become  virtually  zinc 
and  zinc  instead  of  platinum  and  zinc.  This  evil  may  be  obviated 
by  interposing  a  porous  diaphragm  between  the  two  plates,  as  in 
the  batteries  of  Daniell  and  of  Grove  (265,  266) ;  in  these  cases 
a  sufficient  communication  between  the  zinc  and  the  copper  or 
the  platinum  plates,  is  still  kept  up  by  means  of  liquid  through 
the  pores  of  the  diaphragm,  but  the  sulphate  of  zinc  is  prevented 
from  mixing  with  the  liquid  which  is  in  contact  with  the  copper 
or  the  platinum. 

(273}  Further  Application  of  Ohrrts  Theory.— All  the  pheno- 
mena of  compound  circuits  admit  of  ready  calculation  by  the 
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application  of  Ohm's  principle ;  for  instance,  if  n  represents  the 
number  of  plates,  the  expression  for  any  compound  series,  the 
cells  of  which  are  similar  in  nature  and  equal  in  size,  becomes 
j~^= J. ;  since  in  each  cell  not  only  is  a  new  electro-motive 
force  introduced,  but  at  the  same  time  a  new  resistance.  Provided 
that  the  exterior  resistance  is  such  as  would  be  offered  by  a  me- 
tallic wire  which  may  even  be  many  miles  in  length,  it  is  possible 
exactly  to  double  the  amount  of  force  in  circulation  by  doubling 
the  number  of  cells,  if  at  the  same  time  the  size  of  the  plates  be 

doubled ;  for  *»&  f  r= j^-j-p.    But  if,  when  the  number  of  cells 

is  doubled  and  the  surface  of  the  plates  also  is  doubled,  a  volta- 
meter be  employed  to  measure  the  power  in  circulation,  instead 
of  introducing  a  wire  as  the  exterior  resistance,  the  force  measured 
by  the  voltameter  is  not  found  to  be  doubled,  as  might  naturally 
have  been  expected  :  this  difference  arises  from  the  counter  current 
which 'is  produced  in  the  voltameter  itself,  by  the  accumula- 
tion of  the  oxygen  and  hydrogen  upon  its  plates.  Call  this 
counter  current  ey  and  the  formula  becomes  £~£ 

The  values  both  of  ey  (the  counter  current  offered  by  the  volta- 
meter,) and  r,  which,  if  short  thick  conducting  wires  be  used,  is 
virtually  the  resistance  of  the  voltameter  itself,  may  be  very 
simply  estimated  in  the  way  proposed  by  Wheatstone.  This 
.method  consists  in  comparing  two  experiments  in  which,  the 
resistance  remaining  the  same,  the  electro-motive  forces  alone 
vary.  Upon  the  supposition  that  the  voltameter  merely  offers 
an  increased  resistance  without  introducing  any  counteracting 
electro-motive  force,  five  single  cells  should  produce  a  result 
equal  to  half  that  obtained  by  the  use  of  ten  cells  of  double  size ; 
but  by  experiment,  the  effects  as  measured  by  the  voltameter  are 
as  6 :  20.  Comparing  these  effects  with  the  arrangements  which 
produce  them,  we  obtain  the  following  proportion,  from  which, 
Dy  equating,  the  value  of  e  is  deduced  in  terms  of  E\ — 

W7:?-tl   ::    20    :    6;  therefore  *=2-857JE 

— — — +r   o  Jt+r  ' 

The  resistance  r  of  the  voltameter  may  be  calculated  with  equal 
ease ;  for  taking  two  similar  batteries,  each  composed  of  ten  cells, 
but  in  one  of  much  the  plates  are  exactly  double  the  size  of  those 
in  the  other,  the  electro-motive  forces  will  continue  the  same 
while  the  resistances  alone  will  vary.  Under  these  circumstances 
the  experimental  results,  furnished  by  the  voltameter  in  equal 

times,  were  as  12-5  :  20  ;  and  ^§~  :  io*+r  : :  12-5  :  20  ;  there- 

2 

fore  r=3-333  B.  By  substituting,  in  the  formula,  the  values  for 
e  and  r  thus  obtained  by  experiment,  the  results  for  any  given 
number  of  cells  may  be  calculated  ;  and  on  comparing  the  values 
obtained  by  such  a  calculation  with  the  numbers  furnished  by 
actual  experiment,  Daniell  (Pkil.  Tram.  1842,  p.  146)  obtained 
the  following  results : — 
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Number  of  Cellfl.-TT-.rT. 

8 

4 

5 

10 

15 

20 

Cubic  in. 
Cubic  in. 

Qui  calculated  ....T...,.t,- 

* 

8f 

6 
6 

1»« 
12* 

16» 
15* 

mi 

G&8  observed • 

Any  alteration  in  the  size  of  the  plates  of  the  voltameter  neces- 
sarily alters  the  amonnt  of  resistance  which  it  offers  to  the  cur- 
rent, and  the  influence  of  this  change  in  the  voltameter  is  most 
perceptible  when  a  battery  consisting  of  a  few  plates  which  ex- 
pose a  large  surface  is  employed. 

The  preceding  considerations  will  render  it  evident  that  no 
general  answer  can  be  given  to  the  question,  *  What  number  of 
cells  should  a  battery  contain  in  order  that  it  may  produce  the 
greatest  effect  ? '  The  electro-motive  force,  2F,  varies  in  amount 
with  the  kind  of  battery  which  is  used  ;  the  values  for  H  and  r 
will  also  vary  with  the  varying  circumstances  of  the  experiment. 
It  is  found  that  every  different  arrangement  requires  the  employ- 
ment of  a  distinct  number  of  cells  in  order  to  obtain  from  it  the 
maximum  effect  with  the  least  expenditure  of  zinc.  This  number 
will  vary  even  with  the  same  form  of  battery,  according  to  the 
size  of  the  battery  plates,  the  length  of  wire  in  die  circuit,  and  the 
nature  of  the  liquid  conductor  in  the  decomposing  cell.  It  may 
be  stated,  however,  as  a  general  principle,  that  the  most  advan- 
tageous effect  is  obtained  when  the  value  of  Ay  in  the  formula 
£-g~=jA,  most  nearly  approaches  0*5,  i^and  H  each  being  =1 : 
in  other  words,  the  advantage  is  greatest  when  the  exterior  resis- 
tances, viz.,  those  of  the  conducting  wire  and  voltameter  together 
— are  equal  to  the  sum  of  the  resistances  due  to  the  battery  itself; 
it  may  therefore  be  concluded  that  when  the  exterior  resistance 
is  trifling,  as  usually  occurs  when  the  circuit  is  metallic  and  not 
of  very  great  length,  little  or  nothing  is  gained  by  employing  a 
large  number  of  cells ;  two  or  three  plates  of  large  surface  being 
the  best  under  such  circumstances ;  but  that  where  a  considerable 
chemical  resistance  is  to  be  overcome,  power  is  gained  by  em- 

Sloying  a  series  numerous  in  proportion  to  the  resistance  so  intro- 
uced.  •  In  no  case,  however,  is  it  possible  by  the  use  of  a  series 
of  plates  of  uniform  dimensions,  even  if  of  unlimited  number,  to 
produce  in  any  transverse  section,  such  as  an  included  voltame- 
ter, a  chemical  action  greater  in  amount  than  that  which  would 
\>ccur  in  a  single  cell  of  the  arrangement  in  which  the  circuit  was 
completed  by  a  stout  metallic  wire. 

(274)  Wheatstone\B  Rheostat  and  Resistance  Coils. — Guided 
by  the  principles  which  have  just  been  explained,  Wheatstone 
contrived  an  apparatus  termed  the  Rheostat,  by  which  measured 
amounts  of  resistance  may  be  introduced  into  the  voltaic  circuit : 
if  the  effect  which  such  added  resistance  has  upon  the  amount  of 
the  current  in  circulation  be  measured,  the  different  values  of  i?, 
jR*  and  r  in  different  arrangements,  may  be  deduced  by  a  simple 
calculation.  The  rheostat  is  represented  in  fig.  220 :  g  is  a  cylin- 
der of  well  baked  wood,  H  inch  in  diameter  and  6  inches  in 
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length ;  it  turns  easily  upon  a  horizontal  axis ;  on  this  cylinder  a 
spiral  groove  is  cut,  the  thread  of  which  contains  40  turns  to  the 


inch.  This  groove  runs  from  one  end  of  the  cylinder  to  the 
other,  and  in  it  is  coiled  a  brass  wire  T}T  inch  in  diameter ;  A  is 
a  brass  cylinder,  placed  parallel  to  g,  and  equal  to  it  in  diameter ; 
the  thin  wire  upon  g  is  connected  at  the  end  i  with  a  brass  rin£y 
and  at  the  other  extremity  is  attached  to  the  cylinder,  h ;  at  ♦  is 
a  metallic  spring,  one  end  of  which  is  connected  with  a  binding- 
screw,  and  the  other  end  of  which  rests  against  the  brass  ring, 
and  effects  the  communication  with  one  wire  of  the  battery :  m 
is  a  moveable  key,  by  which  the  wire  can  be  wound  upon  the 
brass  cylinder,  or  by  transferring  the  key  to  the  axis  of  y,  it  can 
be  unwound  frojn  A,  and  returned  to  the  wooden  cylinder,  g.  In 
consequence  of  the  non-conducting  quality  of  dry  wood,  the  coils 
of  wire  on  the  wooden  cylinders  are  insulated  from  each  other, 
so  that  the  current  traverses  the  whole  length  of  the  wire  coiled 
upon  this  cylinder,  but  the  coils  not  being  insulated  from  each 
other  on  the  brass  cylinder,  the  current  immediately  passes  from 
the  point  of  contact  to  the  brass  spring  at  A,  which  is  in  commu- 
nication with  the  other  wire  from  the  battery.  A  scale  is  placed 
between  the  two  cylinders  for  the  convenience  of  counting  the 
number  of  coils  unwound,  and  the  fractions  of  a  turn  are  read  off 
upon  a  graduated  circle,  which  is  traversed  by  an  index  attached, 
as  is  shown  in  the  figure,  to  the  axis  of  the  cylinder  a. 

Wheatstone  took  as  nis  standard  of  resistance,  the  resistance 
produced  by  a  copper  wire  1  foot  of  which  weighs  exactly  100 
grains.*  It  is  sometimes  necessary  to  be  able  to  introduce  an 
,  amount  of  resistance  into  a  circuit  much  greater  than  can  be 
effected  by  means  of  the  rheostat.  For  this  purpose  the  Resist- 
ance Coils,  shown  at  d,  fig.  220,  are  employed.    These  coils  are 

*  The  question  of  a  standard  of  resistance  is  now  engaging  the  attention  of  practical 
electricians ;  the  conducting  power  of  copper  yaries  so  greatly,  owing  to  the  presence 
of  slight  imparities,  that  it  to  unfitted  for  the  purpose  (276). 
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composed  of  fine  copper  wire,  ¥iv  of  an  inch  in  diameter,  care- 
fully insulated  by  covering  them  with  silk ;  two  of  the  coils  are 
50  feet  in  length,  the  others  100.  200,  400,  and  800  feet  long. 
The  ends  of  each  coil  are  attachea  to  short  thick  wires,  fixed  to 
the  upper  faces  of  the  cylinders,  which  serve  to  combine  all  the 
coils  into  one  continued  length  of  1600  feet  of  wire.  Two  wires 
proceed  from  the  extremities  of  the  coils,  by  which  they  are 
united  to  the  circuit.  On  the  upper  face  of  each  cylinder  is  a 
double  brass  spring,  moveable  round  a  centre,  so  that  its  ends 
can  be  made  to  rest  upon  the  thick  brass  wires,  or  can  be  removed 
from  them  at  pleasure.  When  the  spring  rests  upon  the  wires, 
the  current  passes  through  the  spring  instead  of  through  the  coil ; 
but  when  the  spring  rests  upon  the  wood,  the  current  must  pass 
through  the  coil.  In  the  ngure,  all  the  springs  are  shown  as 
resting  upon  the  wires ;  in  this  case  none  of  the  coils  are  included 
in  the  circuit,  but  by  turning  the  spring  of  any  particular  coil, 
50, 100,  200,  or  400  yards  ot  wire  can,  in  a  moment,  be  intro- 
duced into  the  circuit. 

The  following  is  Wheatstone's  description  of  his  method  of 
ascertaining  the  sum  of  the  electro-motive  forces  in  any  voltaic 
circuit  or  circuits : — 

1  In  two  circuits  producing  equal  electro-motive  (or  voltaic^ 
effects,  the  sum  of  the  electro-motive  forces  divided  by  the  sum  or 
the  resistances  is  a  constant  quantity ;  i.  e.9  £=£§  •  if  E  and  H 
be  proportionately  increased  or  diminished,  A  will  obviously  remain 
unchanged.  Knowing,  therefore,  the  proportion  of  resistances  in 
two  circuits  producing  the  same  effect,  we  are  able  immediately 
to  infer  that  of  the  electro-motive  forces.  But,  as  it  is  difficult  in 
many  cases  to  determine  the  total  resistance,  consisting  of  the 
partial  resistances  of  the  rheomotor  [or  voltaic  combination]  itself, 
the  galvanometer,  the  rheostat,  <fec,  I  have  recourse  to  the  fol- 
lowing simple  process : — Increasing  the  resistance  of  the  first 
circuit  by  a  known  quantity,  r,  the  expression  becomes  -^..  In 
order  that  the  effect  in  the  second  circuit  shall  be  rendered  equal 
to  this,  it  is  evident  that  the  added  resistance  must  be  multiplied 
by  the  same  factor  as  that  by  which  the  electro-motive  forces  and 
the  original  resistances  are  multiplied ;  for  -^r=%2*»rm  ^e 
relations  of  the  length  of  the  added  resistances  r,  and  n  r,  which 
are  known  immediately,  give  therefore  those  of  the  electro-motive 
forces.'— (Phil.  Trans.,  1843,  p.  313.) 

Suppose,  for  example,  it  be  desired  to  compare  the  electro- 
motive force  obtained  from  a  single  pair  of  zinc  and  copper  plates 
in  one  of  Daniell's  cells,  with  that  of  two  pairs  of  the  same  com- 
bination, the  following  will  be  the  mode  of  conducting  the  experi- 
ment : — Interpose  the  rheostat  (fig.  220)  and  the  galvanometer,  b, 
in  the  circuit  obtained  from  the  single  cell,  o ;  then,  by  coiling 
or  uncoiling  the  wire  of  the  rheostat,  bring  the  needle  exactly  to 
45°.  Next  uncoil  the  wire  of  the  rheostat,  and  count  the  number 
of  turns  required  to  bring  the  needle  to  40°.  Suppose  35  turns 
are  required :  this  number  of  turns  may  be  taken  to  represent 
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the  electro-motive  force  of  the  combination.  Now  introduce  the 
two  cells,  arranged  as  a  compound  circuit,  instead  of  the  single 
cell  at  o.  Bring  the  needle  as  before  to  45°,  interposing  one  or 
more  of  the  resistance  coils  at  d,  if  needed,  by  turning  the  spring 
upon  the  wood  of  the  reels,  and  complete  the  adjustment  by 
coiling  or  uncoiling  the  wire  of  the  rheostat.  Agam  uncoil  the 
wire  of  the  rheostat  until  the  galvanometer  needle  stands  at  40°. 
Seventy  turns,  or  twice  the  number  previously  required  to  pro- 
duce this  eiFect,  will  now  be  needed.  The  electro-motive  forces 
in  the  two  cases  are  therefore  as  35  to  70,  or  as  1  :  2.  If  instead 
of  arranging  the  two  cells  as  a  compound  circuit  the  zinc  plate 
be  connected  with  the  other  zinc  plate  and  the  copper  with  the 
copper,  so  as  to  form  a  single  circuit,  it  would  have  required  the 
interposition  of  a  greater  resistance  to  reduce  the  needle  to  45° 
to  start  with  than  when  one  cell  only  was  used ;  but  only  35 
turns  of  the  rheostat  would  be  needed  to  brine  the  needle  down 
to  40°.  This  last  experiment  shows  that  the  electro-motive  force 
is  not  altered  by  increasing  or  diminishing  the  size  of  the  plates. 
The  electro-motive  power  of  any  combination  may  by  means 
of  this  arrangement  be  compared  with  any  one  selected  as  a  stan- 
dard :  it  was  in  this  way  that  the  results  on  the  comparison  of 
the  electro-motive  effects  of  platinum,  zinc,  and  potassium  (260) 
were  obtained. 

Processes  of  VoUmo  Discharge. 

(275)  Having  now  reviewed  the  principal  circumstances  which 
influence  or  exalt  the  activity  of  the  voltaic  battery,  we  may  pro- 
ceed to  examine  the  phenomena  which  are  manifested  when  a 
powerful  combination  is  brought  into  action  by  connecting  its 
opposite  extremities.  Voltaic  action  is  exhibited  only  during  the 
process  of  discharge,  for  the  current  is  a  continuous  succession  of 
discharges  of  the  electricity  developed  and  maintained  by  the 
contact  and  chemical  action  of  the  materials  employed  in  the 
construction  of  the  battery.  The  discharge  of  the  voltaic  battery 
may,  like  that  of  the  ordinary  machine,  be  considered  under  three 
heads — viz.,  the  discharge  by  conduction^  as  when  the  circuit  is 
completed  by  a  wire  or  other  good  solid  conductor ;  the  discharge 
by  disruption,  in  which  case  a  luminous  appearance  is  exhibited 
through  a  short  interval  of  non-conducting  matter ;  and  the  dis- 
charge by  convection,  which  takes  place  in  liquids,  and  is  accom- 
panied by  chemical  action  and  transference  of  the  particles  of  the 
conductor. 

(276)  Conduction. — In  all  cases  where  electricity  is  in  motion, 
whether  it  be  excited  by  chemical  action,  as  in  the  voltaic  pile, 
or  by  friction,  as  in  the  common  electrical  machine,  the  force  is 
conveyed  by  the  entire  thickness  of  the  conductor ;  the  charge  is 
not  confined  to  the  surface,  as  occurs  when  the  power  is  station- 
ary and  produces  effects  by  induction  only.  In  the  case  of  the 
voltaic  current  as  well  as  in  the  momentary  discharge  of  die  Ley- 
den  battery,  by  far  the  greater  portion  of  the  induction  occurs 
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between  one  transverse  section  of  the.  conductor  and  the  adjacent 
sections  immediately  before  and  behind  it ;  and  but  a  small  pro- 
portion of  the  induction,  sufficient  however  to  be  distinctly  mani- 
fest, is  diverted  to  surrounding  objects.  By  reducing  the  thick- 
ness or  diameter  of  the  conducting  material,  a  large  quantity  of  • 
the  force  is  compelled  to  traverse  a  given  number  of  conducting 
particles  in  the  same  time,  and  a  great  elevation  of  temperature 
is  thus  produced.  The  heat  may  rise  sufficiently  high  to  cause 
ignition  of  the  wire,  and  this  ignition  may  be  produced  at  any 
point  of  die  circuit,  so  as  to  produce  the  explosion  of  a  charge  of 
gunpowder  sunk  in  the  depths-  of  the  ocean,  or  buried  within  the 
recesses  of  a  mine ;  the  operations  of  blasting  may  thus  be  made 
to  assume  a  degree  of  certainty  and  of  safety  hitherto  unattained 
by  other  means,  since  the  moment  at  which  the  discharge  shall 
take  place  is  absolutely  under  control. 

Elevation  of  temperature  diminishes  the  conducting  power  of 
the  metals :  a  good  experimental  proof  of  this  fact  is  afforded  by 
transmitting  through  a  platinum  wire,  a  voltaic  current  of  suffi- 
cient power  to  raise  the  wire  to  a  dull  red  heat ;  and  whilst  the 
current  is  still  passing,  igniting  a  loop  of  the  wire  in  the  flame  of 
a  spirit-lamp ;  the  temperature  of  tne  other  part  immediately 
falls,  owing  to  the  diminished  amount  of  electricity  which  tra- 
verses it,  in  consequence  of  the  increased  resistance  offered  to  the 
passage  of  the  current  by  the  strongly  ignited  part  of  the  wire. 
If  a  loop  of  the  wire  be  cooled  bjr  immersion  in  water,  the  oppo- 
site effect  is  produced ;  for  in  this  case  the  reduction  of  tempera- 
ture at  one  point  enables  a  larger  quantity  of  electricity  to  pass 
through  the  wire,  which  may  thus  be  raised  to  a  heat  approach- 
ing its  point  of  fusion.  The  power  of  a  voltaic  combination  may 
be  roughly  estimated  by  the  number  of  inches  of  platinum  wire 
of  unifcrm  diameter,  which  it  will  heat  to  redness.:  the  same 
quantity  of  electricity  is  transmitted  in  equal  intervals  of  time 
through  wire  of  the  same  temperature,  whether  it  be  an  inch  only 
or  several  feet  in  length ;  but  the  increased  length  which  the 
stronger  current  will  ignite  measures  the  increase  in  tension  and 
intensity  of  the  electric  discharge. 

The  conducting  power  of  tne  different  metals  for  electricity 
varies  nearly  in  tne  same  order  as  their  power  of  conducting 
heat ;  but  it  is  remarkable  that  charcoal,  though  so  bad  a  con- 
ductor of  heat,  transmits  electricity  with  great  facility.  The 
measurement  of  the  conducting  power  of  solids  and  of  liquids  for 
electricity  has  occupied  the  attention  of  many  distinguished  philo- 
sophers.   An  ingenious  method  was  proposed  many  years  ago  bv 


Becquerel,  who  constructed  a  differential  galvanometer,  in  which 
the  needles  were  surrounded  by  two  insulated  copper  wires  of 
equal  length  and  diameter ;  they  were  coiled  in  the  usual  way, 
and  formed  two  independent  circuits,  so  that  the  galvanometer 
had  four  terminations  instead  of  two.  When  two  perfectly  equal 
currents  were  transmitted,  one  through  each  wire  in  opposite  di- 
rections, they  exactly  neutralized  each  other  in  their  effect  upon 
the  needle,  which  therefore  remained  stationary ;  but  if  either 
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current  preponderated,  a  corresponding  deviation  of  the  needle 
was  occasioned.  To  use  the  instrument,  a  small  voltaic  combina- 
tion was  connected  with  the  galvanometer,  two  wires  passing 
from  each  pole,  so  as  to  divide  the  current  into  two  exactly  equal 
♦portions,  one  being  transmitted  through  one  of  the  coils,  the  other 
through  die  second  coil  in  the  opposite  direction.  Wires  of  the 
different  metals  were  then  introduced  into  the  two  circuits.  If 
into  either  circuit  a  conductor  of  inferior  power  were  introduced, 
the  current  in  that  circuit  was  proportionately  diminished,  and 
the  needle  was  disturbed ;  but  the  equilibrium  could  be  restored 
by  increasing  the  length  of  the  wire  in  the  other  circuit ;  then  by 
comparing  the  lengths  of  the  two  wires  thus  introduced,  their 
relative  conducting  power  could  be  inferred.  By  means  of  this 
instrument,  conjoined  with  the  use  of  Wheatstone's  rheostat,  Ed. 
Becquerel  was  enabled  to  measure  the  conducting  power  of  a 
number  of  wires  of  different  metals,  with  precision  (Ann.  de 
Chimie,  M.  xvii.  266).  The  relative  conducting  powers  of  the 
wires  were  obtained  by  ascertaining  the  lengths  of  the  rheostat 
wire,  which  was  required  to  restore  the  equilibrium,  when  wires 
of  different  metals  were  employed.    In  fig.  221  is  exhibited  the 

Fig.  221. 


arrangement  adopted  in  these  experiments,  o  is  the  differential 
galvanometer  with  its  four  wires,  1  and  3  being  the  terminations 
of  one  coil,  2  and  4  those  of  the  other  coil ;  h,  a  voltaic  pair ;  *> 
the  rheostat ;  and  w,  the  metallic  wire,  the  resistance  of  which  is 
to  be  measured.  This  wire  is  stretched  and  insulated  between 
two  binding  clamps,  a  and  b  ;  s  s,  is  a  copper  scale  with  linear 
subdivisions  for  measuring  the  length  of  the  wire  which  is  included 
in  £he  circuit ;  d  is  a  sliding  clamp  of  copper,  which  can  be  made 
to  move  in  either  direction  along  the  scale  s,  and  can  be  con- 
nected with  w,  at  any  desired  point,  by  the  clamp  at  d.  SuppoBe 
the  resistance  of  a  certain  length  of  to  is  to  be  measured,  xbe 
current  from  h  is  divided  into  two  portions  so  as  to  send  each  in 
opposite  directions  through  the  galvanometer.  One  half  of  the  bat- 
tery current  is  made  to  pass  along  the  wire/1//,  up  the  claffiP 
d,  and  through  part  of  the  wire,  w  ;  the  other  half  is  transmitted 
through  the  rheostat,  in  the  direction  shown  bv  the  arrows.  Jfy 
coiling  or  uncoiling  the  wire  of  the  rheostat,  tne  two  circuits  are 
rendered  exactly  equal,  so  that  the  needle  of  the  galvanometer 
shall  stand  at  0°.  !Now,  if  d  be  undamped,  and  it l>e  caused  to 
slide  through  a  definite  distance,  say  twelve  inches  towards  b,  the 
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equilibrium  of  the  galvanometer  will  be  destroyed ;  since  the 
resistance  in  w  is  increased,  whilst  that- in  the  rheostat  remains 
unaltered ;  but  by  uncoiling  the  wire  of  the  rheostat,  additional 
resistance  can  be  introduced  into  the  circuit  of  which  it  forms  a 
part ;  the  equilibrium  may  thus  be  again  restored,  and  the  resist- 
ance of  twelve  inches  ofw  will  be  given  by  counting  the  number 
of  coils  of  the  rheostat  required.  The  comparative  resistance  of 
any  number  of  different  wires  introduced  at  w  may  thus  be 
readily  ascertained. 

The  following  table  exhibits  the  conducting  power  of  wires 
of  equal  length  and  diameter  of  various  metals  as  determined  by 
this  process.  The  mercury  was  placed  in  a  glass  tube  of  uniform 
diameter. 


Electric  Conductivity  of  Metals.    (E.  Becquerd) 


Metals  employed. 


At  W  P. 


SUrer  at  8T 


At  219"  F. 


SUrer  at  83* 
F.  =  100. 


At  218*  F. 


SUrer  at  212 
=  100. 


Low  per  cent 
eaca  metal 
being  100  at 


Silver .... 
Copper... 

Gold. 

Cadmium 

Zinc 

Tin 

Iron 

Lead 

Platinum 
Mercury*. 


100 

91*517 

64-960 

24-579 

24*068 

14*014 

12*850 

8*277 

7*988 

1*788 


71*816 

64*919 

48*489 

17*506 

17*596 

8*657 

8*887 

6-761 

6-688' 

1-575 


100 

91*080 

67*992 

24-547 

24-678 

12189 

11*760 

8*078 

9*878 

2*208 


28-7 
291 
25*4 
28*8 
26*9 
88*8 
82*2 
80*7 
15*7 
9*4 


These  metals  were  carefully  purified  and  well  annealed.  It 
was  found  that  annealed  metals  conducted  better  than  those 
which  had  not  undergone  this  process.  The  effect  even  of  a 
moderate  elevation  of  temperature  in  reducing  the  conducting 
power  is  very  considerable,  as  will  be  evident  by  comparing  the 
second  column  of  figures  in  the  table  with  the  first. 

Matthiessen  (?M.  Trans.,  1858,  p.  883,  1862,  p.  1 ;  and 
Proceed.  Hoy.  Soc.  xii.  472)  gives  the  following  as  the  conducting 
powers  of  wires  of  different  metals  of  equal  diameter.  He  consid- 
ers the  metals  in  the  first  table  to  have  been  chemically  pure. 
The  wires  of  the  oxidizable  metals  were  obtained  by  forcing  them 
through  an  opening  in  a  steel  plate,  by  strong  pressure,  the  wire 
as  it  was  formed  being  received  into  a  vessel  filled  with  naphtha. 
The  conducting  power  was  determined  by  the  process  described 
by  Matthiessen  in  the  Philosophical  Magazme  for  February, 
1857.  It  is  a  modification  of  one  of  .the  methods  devised  by 
Wheatstone,  in  which  an  ordinary  galvanometer  is  employed 
(Phdl.  Trans.  1843,  p.  — 
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Electric  Conductivity  of  Metals.    (Matthiessen). 


Metal  (pure). 


ffilver  (hard-drawn)... 
Copper  (hard-drawn). 
Gold  (hard-drawn) .... 

Zinc.. 

Cadmium 

Cobalt 

Iron  (hard-drawn) 

Nickel 

Tin 

Thallium 

Lead...w 

Arsenicum 

Antimony 

Bismuth 


CooductiTity. 


8u>«ratM*slO0i 


At  88" 

10000 

99*96 

7796 

2902 

28-72 

17-22 

16-81 

1811 

1286 

916 

8-82 

4-76 

4-62 

1-245 


At  312" 
7156 
70-27 
55-90 
20-67 
16-77 


8-67 


5-86 
8-88 
8-26 
0-878 


CoadoettTitjatSlS*. 


Stlrer  at 
112- =  100. 


100-00 
98-20 
78-11 
28-89 
23-44 


12-12 


818 
4-66 
4-55 
1-227 


Each  Hiatal  compared 
with  lteelfaiW=  100. 


71'56 
70-81 
71-70 
71-28 
70-70 


70-11 
68-58 
70-89 
69-88 
70-54 
70-51 


28-44 
29-69 
28*80 
28-77 
29*80 


29-89 
81-42 
29-61 
8012 
29*46 
29*49 


Matthiessen  and  Von  Bose  conclude  from  these  experiments 
that 'the  law  of  decrease  of  electric  conductivity  is  the  same  for 
all  metals,  and  it  will  be  at  once  apparent  that  the  relative  con- 
ducting powers  of  the  metals  continue  to  be  the  same  with  trifling 
variation,  whether  they  be  compared  at  32°  or  at  212°,  as  will  be 
evident  by  comparing  the  first  and  third  columns  of  figures  with 
each  other.  The  numbers  given  for  iron,  cobalt,  and  nickel  are 
calculated  from  experiments  upon  specimens  of  these  metals, 
known  to  be  slightly  impure.  In  the  table  which  follows,  the 
metals  were  commercially  pure,  but  the  conductivity,  when  not 
absolutely  accurate,  is  probably  below  the  truth,  as  the  addition 
of  a  second  metal  always  diminishes  the  conductivity. 


Metal 

Ooadaetlng 
Power. 

Tana 
•F. 

MetaL 

Ooadnetlng 
Power. 

Temp. 
•F. 

Silver 

100*00 
77-48 
87*48 
88*76 
26-47 
2214 
20*85 
19*00 

82-0 
66-8 
71*0 
67-2 
62-6 
62*2 
68-7 
68*0 

Iron 

14-44 

12-64 

10-58 

6*71 

1-68 

•00077 

•00000128 

68*7 
68*0 
69-2 
68*9 

78-0 
67-8 
75-2 

Copper 

T,*lltWliW"1    fMf TT 

Sodium 

Platinum  ,rM„„f,f 

aluminum -.. 

■fagnesium.t.t-r-.ttt 

Strontium  ........... 

Calcium 

Tellurium 

Red  Phosphorus... 

Potassium 

Lithium ..... 

Matthiessen  finds  that  scrupulous  attention  to  the  purity  of 
the  metal  is  essential.  The  presence  of  2*5  per  cent,  of  phos- 
phorus in  copper  reduced  the  conducting  power  of  a  specimen 
of  the  pure  metal  from  100  to  7a52.  A  mere  trace  of  arsenic  in 
the  copper  reduced  it  from  100  to  60,  and  the  presence  of  a  little 
sub-oxide  in  the  metal  had  a  very  marked  effect  in  reducing^the 
conducting  power.    Indeed,  there  are  few  metals  more  easily 
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affected  in  conducting  power  by  Blight  traces  of  impurity  than 
copper,  so  that  very  great  differences  in  conducting  power  are 
observed  in  wires  drawn  from  different  samples  of  what  would  be 
regarded  as  good  commercial  copper. 

The  conducting  power  of  an  alloy  is  jjeneralljr  below  that  of 
the  mean  of  its  component  metals.  This  is  seen  in  the  alloy  of 
antimony  and  tin ;  but  the  alloys  of  tin  and  lead,  tin  and  zinc, 
zinc  and  cadmium  give  a  conductivity  almost  exactly  the  mean 
of  that  of  the  component  metals,  allowing  for  the  proportion  of 
each  that  is  present.  A  similar  fact  was  observed  by  Oalvert 
and  Johnson  (149)  in  the  conducting  power  for  heat  of  some  of 
these  very  alloys. 


Alloy. 


ZnCd 

ZnSn 

SmPb 

SnFb 

SnPb« 

2  Antimony,  1  part  Tin., 


SUrer  =  100. 


Calculated         Observed 
Conductivity.    Conductivity. 


24*04 
1718 
10-81 
9-09 
8-22 
11-99 


2878 

17*48 

10-55 

920 

8-26 

0-418 


Temp.  T. 


69-4 
716 
71-6 
70-5 
72-7 
77-0 


Lenz  found  that  all  the  metals  continued  to  decrease  in  con* 
ductivity  as  the  temperature  rose  to  400°,  and  Dr.  Robinson 
proved  that  this  diminution  continued  as  they  were  raised  pro- 
gressively to  a  red  and  even  to  a  white  heat. 

The  non-metallic  bodies  appear  to  increase  in  conductivity  as 
the  temperature  rises,  for  Mattniessen  found  that  the  conducting 
power  of  graphite  and  of  coke  was  increased  by  heating  them,  the 
electric  conductivity  of  gas  coke  rising  about  12  per  cent,  between 
the  ordinary  atmospheric  temperature  and  a  *  light'  red  heat. 
Hittorf  obtained  an  analogous  result  with  selenium.  Comparing 
the  conducting  power  at  ordinary  temperatures  of  different  forms 
of  carbon  with  that  of  silver  at  32°  as  100°,  Matthiessen  obtained 
the  following  values : — 

F. 
Pure  Ceylon  graphite      ....    0-0693  at  71°6 

Gas  coke 0-0386  at  77° 

Bunsen's  battery  coke 0-0246  at  79-2 

(277)  If  equal  amounts  of  electricity,  whether  obtained  from 
the  voltaic  battery  or  from  the  electrical  machine,  be  made  to 
traverse  wires  of  different  metals  of  equal  length  and  diameter  in 
the  same  interval  of  time,  the  rise  of  temperature  in  the  wire  is 
inversely  proportioned  to  its  conducting  power,  and  therefore  the 
better  the  conductor  the  less  heat  does  it  emit.  The  general 
truth  of  the  fact  may  in  the  case  of  voltaic  electricity  be  rudely 
but  strikingly  demonstrated  by  taking  a  wire  of  silver  and  one 
of  platinum,  each  of  exactly  the  same  diameter,  and  forming 
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them  into  a  compound  wire  consisting  of  alternate  links  of  the 
two  metals.  A  current  of  electricity  may  be  transmitted  through 
this  compound  wire,  of  such  a  strength  as  to  heat  the  platinum 
to  visible  redness,  whilst  the  silver  links  will  exhibit  no  such  in- 
tense heat,  though  each  link  of  the  wire,  from  the  form  of  the  ex- 
periment, must  transmit  ecpial  quantities  of  the  force  in  equal 
times.  It  has  been  ascertained  that  the  heat  developed  at  any 
part  of  the  circuit  is  proportional  to  the  square  of  the  force  of  the 
current  multiplied  into  the  resistance  at  that  particular  point. 
For  the  same  wire  the  rise  of  temperature  is  proportioned  to  the 
square  of  the  quantity  of  electricity,  and  this  is  true  also  for 
liquid  conductors. 

•  Andrews  (Proceed.  Boy.  Irish>  Acad.y  June,  1840),  found  that 
when  a  fine  platinum  wire  was  traversed  by  a  current  from  one 
of  Daniell's  constant  batteries,  the  ignition  of  the  wire  varied  in 
intensity  by  varying  the  gas  with  which  he  surrounded  the  wire. 
This  wire  was  enclosed  in  a  glass  tube,  which  could  be  filled  at 
pleasure  with  the  different  gases  in  succession.  It  was  found  that 
gaseous  sulphurous  anhydride  and  hydrochloric  acid  had  a  smaller 
cooling  power  than  atmospheric  air.  Nitrogen,  carbonic  oxide, 
cyanogen,  carbonic  acid,  nitric  oxide,  nitrous  oxide,  oxygen,  and 
aqueous  vapour,  had  nearly  the  same  effect  as  atmospheric  air. 
Olefiant  gas,  ammonia,  the  vapour  of  alcohol  and  of  etner  had  a 
greater  cooling  power;  and  hydrogen,  a  far  greater  cooling 
power  than  any  of  the  others.  The  same  subject  has  also  been 
investigated  by  Grove,  (Phil.  Trans.,  1849.) 

The  following  experiment  illustrates  the  cooling  effect  of  hy- 
drogen very  clearly.  Take  three  pieces  of  stout  copper  wire, 
bend  them  into  the  form  shown  at  w  w  w,  fig.  222,  and  attach  them 
to  a  weighted  board,  by  which  the 
lower  part  of  the  bends  can  be 
sunk  beneath  the  surface  of  water 
contained  in  a  shallow  vessel. 
At  a  and  J,  where  the  wires  pro- 
ject above  the  surface  of  the 
water,  complete  the  connexion 
by  means  ot  spirals  of  fine  plati- 
num wire,  both  spirals  Being 
equal  in  length,  and  each  cut 
from  the  same  wire.  Each  spiral  will  thus  oppose  an  equal 
resistance  to  the  passage  of  the  current.  When  a  voltaic  current 
of  a  certain  intensity  is  transmitted  through  the  wire,  www,  each 
spiral,  consequently,  becomes  heated  to  the  same  degree  of  visi- 
ble ignition.  But  if  two  similar  jars,  one  a,  filled  with  air,  the 
other,  h,  filled  with  hydrogen,  be  inverted  over  them,  the  wire  in 
the  jar  h  immediately  ceases  to  be  luminous,  while  that  in  a  be- 
comes more  intensely  ignited.  This  superior  cooling  action  of 
the  hydrogen  is  no  doubt  mainly  due  to  the  superior  mobility  of 
the  particles  of  the  gas  over  those  of  air.    (152, 160.) 

The  experiment  was  varied  by  enclosing  the  wires  a  and  b  in 
separate  glass  tubes,  and  sealing  them  up,  one  in  an  atmosphere 


Fig.  222. 
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of  air,  the  other  in  an  atmosphere  of  hydrogen.  Both  were  then 
included  in  the  flame  circuit,  so  that  they  should  transmit  equal 
amounts  of  electricity.  Before  transmitting  the  current,  how- 
ever, each  tube  was  immersed  in  a  separate  vessel  which  con- 
tained  a  weighed  quantity  of  water,  the  temperature  of  which  was 
accurately  observed.  After  the  current  had  been  allowed  to  pass 
for  a  certain  time,  the  temperature  of  the  water  which  surround- 
ed each  wire  was  again  observed,  and  it  was  found  that  the  water 
which  was  around  the  tube  which  contained  air  was  considerably 
hotter  than  that  which  surrounded  the  tube  filled  with  hydrogen. 
This  result,  paradoxical  as  it  appears,  and  as  it  seems  to  have 
been  regarded  by  Grove,  must  necessarily  follow  from  the  opera- 
ation  of  two  principles  which  have  already  been  explained ;  the 
first  of  these  is,  that  the  resistance  offered  by  a  metal  to  the  pas- 
sage of  electricity  is  diminished  by  reducing  tne  temperature ;  and 
the  second  is,  that  the  heat  evolved  by  a  current  in  passing 
through  a  conductor  is  inversely  as  the  resistance  which  it  ex- 

Eeriences.  Now,  in  this  experiment,  the  primary  effect  of  the 
ydrogen  is  the  cooling  of  tne  conducting  wire ;  and  the  conse^ 
quence  is  that  this  cooled  wire,  in  transmitting  the  same  current 
as  a  similar  wire  in  air,  offers  less  resistance,  and  less  heat  is 
therefore  evolved  by  the  wire  surrounded  by  the  hydrogen  than 
by  the  wire  which  is  surrounded  by  air. 

(278)  Electric  Conductivity  of  Liquids. — Liquids  are  very 
inferior  to  solids  in  conducting  power;  indeed,  the  difference 
between  the  two  classes  of  bodies  is  so  extreme  that  it  is  difficult 
to  institute  an  accurate  comparison  between  them.  The  attempt, 
however,  has  been  made  by  Pouillet :  assuming  as  the  unit  of 
comparison  the  conducting  power  of  a  solution  of  sulphate  of 
copper  saturated  at  59°,  he  gives  the  following  as  the  relative 
conducting  power  of  the  undermentioned  solutions : — 

Saturated  solution  of  sulphate  of  copper  ...  1 

Ditto,  diluted  with  an  equal  bulk  of  water  .    .  0*64 

Ditto,  diluted  with  twice  its  bulk  of  water  .    .  0*44 

Ditto,  diluted  with  four  times  its  bulk    .    .    .  0*31  , 

Distilled  water 0-0025 

Ditto,  with  r^irt  of  nitric  acid 0-015 

Platinum  wire 2,500,000-00 

The  conducting  power  of  a  platinum  wire,  of  a  diameter  and 
length  equal  to  that  of  the  interposed  columns  of  liquid  ifl  proba- 
bly estimated  too  high. 

Since  these  results  of  Fouillet's  were  published,  the  subject  of 
the  conducting  power  of  liquids  has  been  resumed  by  E.  Becque- 
rel,  in  the  paper  already  cited.  Be  states  that  saline  solutions 
may  be  divided  into  two  classes ;  in  the  first,  the  conducting 
power  increases  progressively  in  proportion  to  the  strength  of  the 
solution,  until  it  becomes  saturated;  sulphate  of  copper  and 
chloride  of  sodium  affording  instances  of  tins  kind  :  whilst  in  the 
second  class,  of  which  nitrate  of  copper  and  sulphate  of  zinc  may 
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be  taken  as  examples,  the  conducting  power  increases  with  the 
degree  of  concentration  up  to  a  certain  point,  beyond  which  it 
diminishes  as  the  solution  becomes  more  nearly  saturated.  The' 
salts  which  exhibit  this  peculiarity  are  either  deliquescent  or  ex- 
tremely soluble.  The  following  table  contains  a  few  of  Becque- 
rePs  results.  The  saline  liquids  are  to  be  considered  as  saturated 
unless  otherwise  specified : — 

Electric  C<mductwity  of  Liquids. 


SubotanoM  used. 

• 

Dcnalty. 

Temp.  •  F. 

Conducting  power. 

82 

100,000,000-00 

( Solution  of  Sulphate  of  Copper. 

1-1707 

1-6008 
1-4410 

1-81 

50 

n 

w 
56 

n 
n 
55 

>» 
w 
58 

» 
n 
66 

56 
82 

5.42 

8-47 

2-08 

81-52 

28-08 

18-58 

8-995 

17-708 

18-442 

577 

718 

5-48 

88-68 

98-77 
7,988,000-00 

«          do.    half  the  strength 

i1         do.    one  fourth  the  strength. 

( Solution  of  Chloride  of  Podium... ». 

do.    half  the  strength  M 

i          do.    one  fourth  the  strength. 

Solution  of  Nitrate  of  Copper 

do.    half  the  strength M 

da    one  fourth  the  strength. 

i  Solution  of  Sulphate  of  Zinc 

do.    half  the  strength 

(        do.    one  fourth  the  strength. 

Ofl  of  Vitriol  1  measure ) 

Distilled  Water  11  measures. J 

Nitric  Acid  (Commercial) 

Platinum , 

It  is  not  surprising  that  differences  so  considerable  should  be 
observed  between  the  conducting  powers  of  liquids  and  those  of 
solids ;  for  the  processes  of  conduction  in  the  two  cases  are  essen- 
tially different.  In  liquids  chemical  decomposition  and  free 
movement  of  the  component  particles  are  indispensable,  whilst 
nothing  of  the  kind  takes  place  in  solids.  The  effects  of  heat  are 
even  inverted  in  the  two  cases ;  for  experiment  shows  that  as  the 
temperature  rises,  the  conducting  power  of  the  liquid  increases 
rapidly ;  according  to  Becquerel,  the  conducting  power  of  many 
solutions  at  212°F.  is  three  or  four  times  as  great  as  that  of  the 
same  solution  at  32°.  These  phenomena,  therefore,  are  the  re- 
verse of  those  presented  by  most  solids.  Exceptions,  however, 
occur :  Faraday  has  shown  that  sulphide  of  silver,  when  cold,  is 
an  insulator,  but  by  warming  it  gently  it  begins  to  conduct,  and 
when  hot  it  affords  a  spark  like  a  metal ;  at  a  point  a  little  below 
redness  it  conducts  sufficiently  to  ^maintain  its  conducting  power 
by  the  heat  of  the  current  which  it  transmits.  Sulphide  and 
fluoride  of  lead,  as  well  as  iodide  of  mercury,  also  exhibit  the 
same  peculiarity.  Glass,  when  cold,  is  an  excellent  insulator  of 
the  electricity  developed  by  friction,  but  when  heated  it  conducts, 
and  when  red  hot  it  possesses^scarcely  any  insulating  power ;  the 
same  thing  is  also  true  of  the  tourmaline.  Most  of  these  cases 
have  been  traced  to  a  partial  chemical  decomposition  of  the  oom- 
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pound  under  the  influence  of  softening  by  heat  (Beetz,  Phil.  Mag., 
1854,  p.  191).  When  liquefied  by  heat,  these  compounds  all  un- 
dergo chemical  decomposition,  and  allow  the  current  to  pass 
freely. 

(279)  Electric  Conducting  Power  of  Oases. — Gases  are  al- 
most perfect  insulators  of  the  voltaic  current;  although  some 
feeble  indications  of  conducting  power  have  been  discovered  by 
Andrews,  as  well  as  by  Hankel,  by  E.  Becquerel,  and  by  Buff, 
in  a  highly  rarefied  atmosphere,  between  metallic  surfaces  strong- 
ly ignited  and  in  close  approximation ;  and  Magnus  finds  that 
small  as  is  the  conducting  power  of  gases,  they  differ  in  degree 
in  this  respect,  hydrogen  surpassing  other  gases  and  vapours. 

Grove  nas  further  shown,  that  m  flame  a  current  of  electricity 
is  not  only  transmitted,  but  that  there  is  evidence  of  its  produc- 
tion within  the  flame,  and  he  attributes  its  origin  to  chemical  f 
action.  Becquerel  regards  it  as  a  thermo-electric  phenomenon 
{Ann.  do  Ghvmie^  UL  lii.  411).  Becquerel's  experiments,  how- 
ever, are  not  conclusive ;  and  the  feebleness  of  thermo-electric 
currents,  coupled  with  the  slight  conductivity  of  flame,  render 
such  a  view  inadmissible.  If  two  platinum  wires  be  connected 
with  the  extremities  of  a  galvanometer,  the  free  ends  of  the  plati- 
num being  twisted  into  a  small  coil,  and  one  of  the  platinum 
wires  be  inserted  into  the  root  of  the  blowpipe  flame,  whilst  the 
other  is  introduced  just  in  front  of  the  apex  of  the  blue  cone,  a 
current  will  be  indicated,  passing  from  the  root  to  the  apex  of 
the  flame.  By  forming  several  jets  of  flame  together  into  a  com- 
pound circuit,  Grove  succeeded  in  decomposing  a  solution  of 
iodide  of  potassium  by  means  of  the  currents  obtained  from  flame. 
Under  certain  circumstances,  however,  which  we  now  proceed  to 
notice,  highly  heated  gaseous  matter  appears  to  transmit  voltaic 
power  of  nigh  intensity,  and  the  phenomena  thus  displayed  are 
of  a  most  brilliant  and  remarkable  kind. 

(280)  Disruptive  Discharge — Electric  Light. — When  the  cur- 
rent is  greater  than  the  conductor  is  able  to  convey,  the  wire 
melts,  and  is  dispersed  in  vapour ;  disruptive  discharge,  in  fact, 
occurs.  From  a  powerful  voltaic  battery  this  disruptive  dis- 
charge may  be  maintained  continuously,  owing  to  the  enormous 
quantity  of  electricity  in  circulation. 

If  the  air  be  rarened  between  the  interrupted  conductors,  the 
interval  through  which  the  discharge  can  be  effected  may  be  con- 
siderably increased.  Thus  the  heat  developed  by  the  passage  of 
the  current  between  two  pieces  of  charcoal  wnen  they  are  in 
contact,  will  enable  them  to  be  separated  for  a  considerable  dis- 
tance without  interrupting  the  passage  of  the  current ;  this  dis- 
tance ranges  from  f  inch  to  1  inch  when  a  series  of  seventy  of 
Daniell's  cells  twenty  inches  in  height  are  employed.  Davy, 
with  the  great  battery  of  the  Boyaf  Institution,  consisting  of 
2000  pairs  of  plates  on  Wollaston's  construction,  obtained  an  arc 
of  flame,  between  charcoal  points,  four  inches  in  length,  and  of 
dazzling  brilliancy. 

Despretz,  by  using  600  cells  of  Bunsen's  construction  arranged 
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consecutively,  succeeded  when  the  points  were  placed  in  a  verti- 
cal line  with  the  negative  pole  below,  in  obtaining  an  arc  of  7*8 
inches  in  length.  With  100  pairs  the  arc  was  only  one  inch  long. 
The  most  intense  light,  however,  is  obtained  when  the  points  are 
separated  but  to  a  small  distance,  because  the  resistance  then 
being  less,  a  much  larger  quantity  of  electricity  passes  in  a  given 
time,  and  the  temperature  is  proportionately  higher.  Desprets 
found  he  obtained  a  much  more  intense  light  by  employing  his 
600  cells  in  six  parallel  series,  so  as  to  form  100  cells  of  six  times 
the  ordinary  size,  than  when  they  were  connected  into  one  con- 
tinuous series.  He  estimated  the  light  with  the  arrangement  of 
*  600  in  six  parallel  series- to  be  nearly  six  times  as  great  as  when 
100  cells  only  were  employed, — a  result  in  conformity  with  the 
anticipations  of  theory.  The  same  observer  found  that  when  the 
charcoal  points  were  disposed  in  a  horizontal  direction  at  right 
angles  to  the  magnetic  meridian,  the  length  of  the  arc  when  §00 
pairs  of  Bunsen  in  two  parallel  series  were  employed,  was  greater 
m  .the  proportion  of  20*8  to  16*5,  when  the  positive  pole  was  to 
the  east,  than  when  it  was  to  the  west 

During  the  production  of  this  dazzling  light  a  considerable 
i  mechanical  transport  of  the  materials  composing  the  terminals  of 

t  the  pile  takes  place,  and  there  can  be  no  aoubt  that  the  ignition 

l  of  the  solid  particles  contributes  mainly  to  the  production  of  the 

*  intense  light  thus  procured.    A  cavity  is  always  produced  in  the 

piece  of  charooal  attached  to  the  positive  wire  which  is  connected 
with  the  last  platinum  or  copper  plate  of  the  battery ;  and  at  the 
same  time  a  mammillated  deposit,  which  continually  increases  in 
length,  is  formed  upon  the  charcoal  on  the  negative  wire  in  con- 
nexion with  the  zinc  plate.  Attempts  have  been  made  to  apply 
this  light  to  the  purposes  of  illumination,  and  in  particular  cases, 
as  for  the  display  of  optical  phenomena  in  the  class-room,  it  is 
often  of  high  value.  Its  application  is,  however,  attended  with 
great  practical  difficulties,  of  which  the  transfer  of  conducting 
material  from  one  pole  to  the  other  is  one  of  the  most  serious ; 
and  it  is  very  doubtful  if,  even  when  the  mechanical  obstacles  are 
removed,  such  a  light  can  be  economically  or  advantageously 
used  for  the  general  purposes  of  illumination.  The  light  is  too 
intense  for  the  unprotected  eye  to  endure  for  any  length,  of  time 
in  its  immediate  vicinity,  and  the  expense  is  so  great,  thaj  un- 
less the  electricity  can  do  obtained  in  the  process  of  preparing 
some  chemical  compound  in  the  battery  itself  which  will  defray 
the  cost  of  production,  its  success  as  a  mercantile  speculation  is 
veiyproblematical.* 

This  transfer  of  solid  particles  is  not  confined  to  cases  in  which 
a  porous  conductor  like  charcoal  is  used.  The  densest  metals, 
such  as  platinum  and  iridium,  are  transferred  from  the  positive 
towards  the  negative  terminal,  but  the  arc  in  these  cases  is  not 

*  Hie  general  appearance  of  the  eleetrio  lamp  of  Dnboaoq  is  shown  in  fig.  228,  in 
which  t,  t  represent  the  charcoal  points  between  which  the  voltaic  arc  is  maintained. 
The  oljjeot  to  be  effected  is  to  preserve  these  points  at  a  uniform  distance  from  each 
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60  lone  as  when  more  friable  materials  are  naed.  When  a  posi- 
tive cdke  point  was  opposed  to  a  negative^ dectrode  of  platanum, 
the  arc  was  not  more  than  half  the  length  of  that  obtained  by 

other  and  at  the  nine  height  in  the  lantern,  so  that  the  souiw  of  HgM  b^  always  be 
kept  in  the  same  position  willi  respect  to  the  lens.  ■  v  W!...    ...   .    _^ 

^e  regnlatorby  which  this  result  is  atoned  is  Am  iU  ™?^ete^e3 
^i^H^mi^t  «nd  a  dock-movement,  the  principal  parts  of  which  are  represented 
u$T?^%L ill X^    ^<^nw«n^ta  ******  *<>  bring  the  two 


Fig.  224. 


Fig.  228. 


point*  towards  each  other  so  as  to  compensate  for  the  waste  they  experience  in  burning, 
and  the  electro  magnet  is  employed  to  check  the  dock  action  when  no  longer  need* 
ed.  When  the  battery  is  in  use  the  negative  point  is  always  consumed  in  air  more 
slowly  than  the  positive  one ;  and  it  becomes  necessary  to  provide  means  for  moving 
each  point,  at  a  rate  proportioned  to  the  rapidity  of  its  consumption.  This  is  effected 
by  making  the  drums  n  and  p  of  unequal  dimensions ;  the  chains  c  and  d  are  employed 
to  transmit  the  movements  of  the  clockwork  to  the  points  r,  t\  The  chain  e  attached 
to  the  upper  or  negative  point  t\  is  coiled  upon  the  smaller  drum  m,  and  passes  up  the 
tubular  support «.  This  chain  is  wound  in  the  opposite  direction  to  that  of  the  chain 
dy  which  after  passing  over  the  pulley  a",  is  attached  to  the  tube  containing  the  lower  or 
positive  charcoal  point  t.  Both  drums  are  placed  upon  a  common  axis,  and  therefore 
both  are  moved  by  the  dock  in  the  same  direction,  so  that  whilst  the  ehain  d  attached 
to  the  lower  point  is  being  wound  up,  the  chain  e  connected  with  the  negative  point  is 
being  unwound,  though  less  rapidly  than  4%  and  the  negative  point  is  allowed  to  de» 
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making  the  coke  negative  and  the  platinum  positive  (De  la  Rive.) 
Grove  found  it  to  be  true  generally  that  in  an  oxidizing  medium 
the  brilliancy  and  length  of  the  arc  was  greatest  with  the  most 
oxidizable  metals.  Van  Breda  states  that  portions  of  the  nega- 
tive terminal  are  always  transferred  towards  the  positive  wire. 
This  was  particularly  evident  when  iron  balls  were  made  the 
terminals  of  the  wires,  although  this  transfer  is  much  less  in 
amount  from  the  negative  to  the  positive,  than  the  simultaneous 
transfer  from  the  positive  to  the  negative  wire.  The  light  that 
attends  the  voltaic  arc  does  not  necessarily  proceed  from  the  com- 
bustion of  the  conducting  material,  for  it  occurs  in  a  vessel  from 
which  air  is  exhausted,  with  a  brilliancy  not  much  inferior  to 
that  exhibited  by  it  in  the  air.  It  may  even  be  produced  be- 
tween two  charcoal  points  which  are  immersed  under  water.  In 
every  case,  however,  the  transference  of  some  material  particles 
is  essential  to  the  production  of  the  luminous  arc.  Gassiot  found 
that  even  when  a  combination  of  820  cells  on  Daniell's  construc- 
tion was  employed,  no  spark  could  be  obtained  between  two  pla- 
tinum surfaces,  connected  one  with  one  wire,  the  other  with  the 
opposite  wire  of  the  battery,  in  a  high  state  of  efficiency,  although 
the  two  platinum  surfaces  were  brought  within  y^-—  of  an  inch 
of  each  other.  If,  however,  the  transfer  of  some  material  parti- 
cles be  effected  between  the  two  surfaces,  either  by  a  momentary 
contact,  olr  even  by  the  discharge  of  a  Ley  den  jar  across  the  in- 
terval, the  current  maybe  established  ana  the  luminous  arc  main- 
tained with  a  small  number  of  pairs  of  plates. 

The  heat  produced  in  the  voltaic  arc  is  of  the  most  intense 
kind.  Metals  like  platinum,  iridium,  and  titanium,  which  resist 
the  greatest  heat  that  can  be  obtained  by  the  direct  chemical  ac- 
tion attendant  upon  combustion  in  the  furnace,  readily  melt  and 
are  transferred  from  the  positive  to  the  negative  terminal  by  a 
voltaic  current  of  high  intensity.  The  fusion  is  easily  accom- 
plished by  excavating  a  circular  piece  of  gas  coke,  about  an  inch 
in  diameter  and  half  an  inch  thick,  into  the  form  of  a  crucible, 
Which  is  attached  by  a  stout  copper  bell-wire  to  the  wire  which  is 
in  connexion  with  th&  last  platinum  plate  of  the  battery ;  a  piece 
of  boxwood  charcoal  or  of  gas  coke  about  the  thickness  of  a  cedar 

scend.  The  wires  from  the  battery  (about  40  pairs  of  Grove)  are  made  fast  to  the 
binding-screws  b,  b',  the  positive  wire  b  being  connected  with  one  end  of  the  coil  ▲  ▲  of 
the  electro-magnet  m,  while  the  other  end  of  the  coil  is  in  electrical  contact  with  the 
lower  point  t.  The. current  is  thus  made  to  pass  through  the  electro-magnet  on  its  way 
to  the  charcoal  points.  When  the  electro-magnet  is  in  full  action  it  attracts  the  keeper 
k  attached  to  the  lower  end  of  the  bent  lever  working  on  the  fulcrum  f.  The  upper 
extremity  of  this  lever,  when  the  keeper  is  drawn  home,  locks  into  the  ratchet  wheel 
seen  edgewise  at  r ;  thus  arresting  the  clock  movement,  and  rendering  the  charcoal 
points  stationary.  As  soon  as  the  distance  between  the  points  becomes  too  great,  the 
current  through  the  electro-magnet  becomes  reduced  in  power,  and  lets  go  the  keeper*, 
which  is  forced  away  from  the  magnet  by  the  releasing  spring  q.  By  this  means  the 
clockwork  is  immediately-set  free,  and  the  points  are  thus  made  to  approach  each  other, 
until  the  current  recovers  sufficient  force  again  to  attract  the  keeper,  which  once  more 
looks  into  the  ratchet  wheel  r.  When  the  battery  is  in  good  action,  these  alternate 
motions  of  the  keeper  and  of  the  clockwork  recur  with  frequency  and  regularity;  so 
that  the  points  are  maintained  at  a  distance  sufficiently  uniform  to  prevent  any  sudden 
or  material  fluctuation  in  the  amount  of  light 
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pencil  is  attached  to  the  wire  connected  with  the  zinc  plate  of 
the  battery :  the  metal  for  trial  is  then  placed  in  the  little  coke 
crucible,  and  the  current  from  20  or  30  pairs  of  Grove's  battery 
is  transmitted  through  it  by  means  of  the  charcoal-point  witn 
which  the  negative  wire  of  the  battery  is  armed.  Gassiot  has 
pointed  out  the  remarkable  fact,  of  which  no  explanation  has  as 
yet  been  given,  that  the  positive  wire,  or  the  wire  connected  with 
the  platinum  plate,  becomes  much  the  hotter  of  the  two  in  this 
action.  This  effect  is  reversed  in  the  case  of  the  secondary  cur- 
rent obtained  from  the  Ruhmkorff  coil  (312),  in  which  the  nega- 
tive terminal  becomes  the  hottest,  and  from  which  the  dispersion 
of  solid  particles  almost  exclusively  occurs. 

Favre  {Comtes  fiendus^  lv.  5ff)  has  arrived  at  the  interesting 
conclusion  that  the  quantity  of  heat  evolved  by  the  solution  of 
a  definite  quantity  of  zinc  in  any  given  circuit  is  lessened  in  the 
hatter^  itself,  in  proportion  as  heat  is  evolved  at  any  given  point 
of  the  circuit,  and  that  heat  is  lost  when  motion  is  produced. 
The  quantity  of  heat  thus  lost  agrees  very  closely  with  the  quan- 
tity required  by  theory  if  Joule's  mechanical  equivalent  of  heat 
(129)  be  adopted.  A  part  of  the  heat  is  thus  converted  into  me- 
chanical effect  or  motion,  as  must  be  the  case  if  the  mechanical 
theory  of  heat  (130)  be  true.  The  simple  solution  of  a  quantity  of 
zinc  in  sulphuric  acid,  equal  in  amount  to  that  dissolved  in  the 
battery  during  each  experiment,  was  found  by  previous  researches 
to  be  represented  by  the  number  18444.  In  these  experiments 
Favre  arranged  the  battery  itself  in  a  calorimeter;  and  in  a 
second  calorimeter  he  placed  the  conducting-wire,  which  was 
coiled  in  such  a  manner  as  to  be  applicable  to  the  production  of 
electro-magnetic  action,  the  amount  of  which  could  be  measured 
by  its  power  of  raising  a  weight.  He  then  made  five  series  of 
experiments.  In  the  first  of  these  the  current  traversed  the  bat- 
tery only  and  a  short  copper  wire :  in  the  second  series,  it  tra- 
versed the  battery  and  tie  conducting-wire  of  the  coil,  the 
iron  not  being  included  in  the  coil ;  in  the  third  series,  the  me- 
tallic core  was  previously  placed  in  the  axis  of  the  coil ;  in  the 
fourth  series,  the  apparatus  for  rotation  was  set  in  motion,  but 
no  weight  was  raised ;  and  in  the  fifth  series  a  known  weight 
was  lifted  to  a  definite  height  by  the  action  of  the  electro-magnet. 
The  results  were  as  follows :— 


No.  of 

1st  Calorimeter. 

2nd  Calorimeter. 

Heat  lost  for 

Heat  Units. 

Experiments. 

(Battery.) 

(Conducting  coil.) 

Weight  ralaed. 

Total 

1 

16682 

18682 

2 

18674 

18674 

8 

16448 

2219 

18667 

4 

18888 

4769 

18657 

5 

15427 

2947 

808. 

18682 

The  fifth  colnmn  gives  the  total  amount  of 
<  units  of  heat '  (note  p.  208),  from  which  it  will 
sibly  equal  in  each  case. 
27 


heat  measured  in 
be  seen  to  be  sen* 
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The  colour  of  the  light  emitted  by  the  different  metals  when 
deflagrated  between  the  wires  of  the  battery,  is  peculiar  for  each : 
gold  crams  with  a  bluish  white  light,  silver  with  a  beautiful  gram 
fight,  copper  with  a  reddish  white,  zinc  with  a  powerful  white 
light  tinged  with  blue,  and  lead  with  a  purple  lignt ;  steel  burns 
with  brilliant  yellow  scintillations,  mercury  with  a  brilliant  white 
light  tinged  with  blue.  If  these  lights  be  viewed  separately 
through  a  glass  prism,  large  dark  intervals  will  be  seen  between 
a  few  brilliant  streaks  of  light  of  different  colours  and  of  definite 
degrees  of  refrangibility  (107, 108). 

Chemical  Actions  of  the  Voltaic  Battery. 

(281)  Discharge  by  Connection. — To  the  chemist,  however, 
the  discharge  of  the  voltaic  current  by  the  process  of  convection, 
is  even  more  interesting  than  the  brilliant  phenomena  exhibited 
by  the  disruptive  discharge,  since  it  is  in  the  discharge  by  con- 
vection that  the  important  chemical  actions  of  electricity  are  dis- 
played. 

It  has  already  been  explained  when  describing  the  voltameter 
(272),  that  if  the  connecting  wires  of  a  voltaic  battery  terminate 
in  platinum  plates  or  wires  which  are  made  to  dip  into  acidulated 
water,  decomposition  of  the  liquid  takes  place,  and  oxygen  and 
hydrogen  are  evolved  at  the  surfaces  of  the  platinum  plates. 
This  important  discovery  was  made  in  the  year  1800,  by  Nichol- 
son and  Carlisle,  and  the  chemical  action  of  the  voltaic  pile  thus 
revealed,  enabled  Davy  a  few  years  later  to  decompose  the  alka- 
lies and  earths,  which  up  to  that  time  had  been  regarded  as  ele- 
ments ;  but  by  showing  their  compound  nature,  he  at  once  modi- 
fied, in  an  important  manner,  the  views  of  chemical  philosophy 
which  had  prevailed  up  to  that  period. 

In  pursuing  these  experiments  on  the  voltaic  decomposition 
of  water,  it  was  soon  observed  that  when  copper  wires,  or  the 
wires  of  metals  which  are  easily  susceptible  of  oxidation,  are  em- 
ployed, gas  escapes  from  one  wire  only ;  whilst  if  platinum  or 
Sold  wires  be  used,  gas  is  evolved  from  both.  In  the  first  case, 
le  oxygen  combines  with  the  copper  or  oxidizable  metaL  and 
forms  an  oxide  which  is  dissolved  by  the  acid  liquid,  and  there- 
fore hydrogen  alone  escapes ;  in  the  second  case,  both  gases  are 
evolved ;  since  neither  platinum  nor  gold  has  sufficient  chemical 
attraction  for  oxygen  to  combine  with  it  at  the  moment  of  its 
liberation. 

The  process  of  resolving  compounds  into  their  constituents  by 
electricity,  is  termed  electrolysis  (from  f  electricity *  and  \wn*  re- 
leasing), and  a  body  susceptible  of  such  decomposition,  is  called 
an  electrolyte:  the  terminating  wires  or  plates  of  the  battery  are 
called  the  poles  of  the  battery.  The  word  electrode  is  also  used 
as  synonymous  with  the  pole  of  the  battery,  and  it  implies  the 
door  or  path  (from  0809  a  way)  to  the  current  by  which  it  enters 
or  leaves  the  compound  through  which  it  is  transmitted. 

(282)  Laws  of  Electrolysis. — A  great  variety  of  bodies  admit 
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of  being  decomposed  by  electrolysis,  but  the  process  is  not  appli- 
cable to  all  indiscriminately.  It  occurs  under  certain  definite 
laws,  which  may  be  stated  as  follows : — 

1.  No  elementary  substance  can  he  an  electrolyte :  for  from 
the  nature  of  the  operation,  compounds  alone  are  susceptible  of 
electrolysis. 

2.  Electrolysis  occurs  only  whilst  the  body  is  in  the  liquid 
state.  The  free  mobility  of  the  particles  which  form  the  body 
undergoing  decomposition  is  a  necessary  condition  of  electrolysis, 
since  tne  operation  is  always  attended  by  a  transfer  of  the  com- 
ponent particles  of  the  electrolyte  in  opposite  directions.  Elec- 
trolysis is  necessarily  a  process  of  electrical  conduction,  but  it  is 
conduction  of  a  peculiar  Kind ;  it  is  totally  different  from  that  of 
ordinary  conduction  in  solids.  If  an  electrolyte  be  solidified,  it 
instantly  arrests  the  passage  of  the  force ;  for  it  cannot  transmit 
the  electric  current  like  a  wire  or  a  solid  conductor :  the  thinnest 
film  of  any  solidified  electrolyte  between  the  two  plates  suspends 
all  decomposition.  Many  saline  bodies  are  good  conductors 
when  in  a  fused  condition ;  for  example,  nitre,  whilst  in  a  fused 
state,  conducts  admirably ;  but  if  a  cold  electrode 'be  plunged 
into  the  melted  salt,  it  becomes  covered  with  a  film  of  solid  nitre, 
and  no  current  is  transmitted  until  a  continuous  chain  of  liquid 
particles  is  restored  between  the  plates  by  the  melting  of  the  film ; 
these  effects  are  readily  exhibited  by  including  a  galvanometer 
in  the  circuit.  A  few  partial  exceptions  to  this  rule  have  been 
observed,  and  have  already  been  alluded  to  (278) ;  but  in  such 
cases  the  decomposition  is  always  extremely  limited. 

8.  During  electrolysis,  the  components  of  the  electrolyte  are 
resolved  into  two  groups:  (me  group  takes  a  definite  direction 
towards  one  of  the  electrodes  :  the  other  group  takes  a  course 
4owarfls  the  other  electrode.  This  direction  or  the  ions  (as  the 
two  groups  which  compose  the  electrolyte  have  been  termed)  de- 
pends upon  the  direction  in  which  the  chemical  actions  are  going 
on  in  the  battery  itself.  The  two  platinum  plates  in  the  decom- 
posing cell  may  be  distinguished  from  each  other  in  the  manner 
proposed  by  Daniell.  These  plates  occupy  respectively  the  posi- 
tion of  a  zinc  and  of  a  platinum  plate  in  an  ordinary  cell  ot  the 
battery :  that  is  to  say,  if  for  this  decomposing  cell  an  ordinary 
battery  cell  were  substituted,  a  rod  of  zinc  would  occupy  the 
place  of  one  of  the  platinum  plates,  and  would  be  attacked  by 
the  oxygen  and  acid  m  the  exciting  liquid  of  the  battery,  whilst 
a  plate  of  platinum  or  some  other  conducting  metal  would  oc- 
cupy the  place  of  the  second  platinum  plate,  and  would  have  the 
hydrogen  of  the  exciting  liquid  directed  towards  it.  To  the  plate 
of  the  decomposing  cell  which  corresponds  to  the  zinc  rod, 
Daniell  gave  tne  name  of  the  zincode,  which  is  synonymous  with 
the  anode  of  Faraday  and  the  positive  pole  of  other  writers.  To 
the  plate  which  corresponds  to  the  platinum  or  conducting  metal, 
Daniell  gave  the  name  of  the  platinode,  which  is  synonymous 
with  Faraday's  term  of  cathode,  and  with  the  negative  pole  of 
other  writers.     Oxygen,  chlorine,  and  the  acids  generally,  make 
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their  appearance  at  the  zincode  in  the  decomposing  cell  during 
electrolysis;  whilst  hydrogen,  alkalies,  and  the  metals  are 
evolved  upon  the  platinode. 

This  definite  direction  which  the  elements  assume  draw 
electrolysis  may  be  shown  by  collecting  the  gas  which  is  evolved 
over  two  platinum  plates,  connected,  one  with  the  last  platinum, 
the  other  with  the  last  zinc  plate,  of  a  combination  consisting  of 
three  or  four  pairs  of  Grovels  battery.  Hydrogen  will  be  collect- 
ed over  the  platinode,  or  the  plate  in  connexion  with  the  zinc 
end  of  the  arrangement,  and  which  would  correspond  to  the  pla- 
tinum plate  if  another  cell  of  the  battery  were  here  interposed; 
whilst  from  the  zincode,  or  plate  in  connexion  with  the  platinum 
of  the  battery,  oxygen  is  evolved. 

The  following  experiment  farther  illustrates  the  definite  direc- 
tion which  the  components  of  the  electrolyte  assume.  Let  four 
glasses  be  placed  side  by  side,  as  represented  in  fig.  225,  each 

Fie.  225. 


divided  into  two  compartments  by  a  partition  of  card,  or  throe 
or  four  folds  of  blotting-paper,  and  let  the  glasses  be  in  electrical 
communication  with  each  other  by  means  of  platinum  wires 
which  terminate  in  strips  of  platinum  foil.  Place  ix*  theglaa 
No.  1,  a  solution  of  iodide  of  potassium  mixed  with  starch;  in 
2,  a  strong  solution  of  common  salt,  coloured  blue  with  sulphate 
of  indigo ;  in  3,  a  solution  of  sulphate  of  ammonium,  coloured  blue 
with  a  neutral  infusion  of  the  red  cabbage ;  and  in  4,  a  solution 
of  sulphate  of  copper.  Let  the  plate,  A,  be  connected  with  the 
positive  wire,  and  let  a  complete  the  circuit  through  the  negative 
wire.  Under  these  circumstances  iodine  will  speedily  be  set 
free  in  J,  and  will  form  the  blue  iodide  of  starch ;  chlorine  will 
show  itself  in  d,  and  will  bleach  the  blue  liquid ;  sulphuric  acid 
will  be  seen  in  f  and  will  redden  the  infusion  of  cabbage;  sul- 
phuric acid  will  also  be  liberated  in  A,  as  may  be  seen  by  intro- 
ducing a  piece  of  blue  litmus-paper,  which  will  immediately  be 
reddened ;  whilst  a  piece  of  turmeric  paper  will  be  turned  brown 
in  a,  from  liberated  potash ;  in  o  it  will  also  be  turned  brown  by 
the  soda  set  free ;  in  e  the  blue  infusion  of  cabbage  will  become 
green  from  the  ammonia  which  is  disengaged ;  and  in  g  metallic 
copper  will  be  deposited  on  the  platinum  foil. 

4.  The  amount  as  well  as  the  direction  of  electrolysis  is  dtfi- 
nite,  and  it  is  dependent  upon  the  degree  of  action  in  the  battery. 
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being  directly  proportionate  to  the  quantity  of  deetrioity  in  circu- 
lation. It  has  been  amply  proved  by  experiment  that  for  every 
32*7  grains  of  zinc  which  is  dissolved  in  any  one  cell  of  the  bat- 
tery, provided  local  action  be  prevented,  9  grains  of  water  are 
decomposed  in  the  voltameter ;  or  if,  as  in  the  preceding  experi- 
ment, several  electrolytes  be  arranged  in  succession,  each  com- 
pound will  experience  a  decomposition  proportioned  to  its  chemi- 
cal equivalent.  For  instance — if  thp  current  be  made  to  pass 
first  through  fused  iodide  of  lead,  and  then  through  fused  chloride 
of  tin — for  each  32*7  grains  of  zinc  dissolved  in  any  one  cell  of 
the  battery,  103*5  grains  of  lead,  and  59  grains  of  tin  will  be 
separated  on  the  respective  platinodes,  whilst  127  grains  of 
iodine,  and  35*5  grains  of  chlorine  will  be  evolved  on  the  respec- 
tive zincodes.  These  numbers  correspond  with  the  chemical 
equivalents  (not  the  atomic  weights)  of  the  several  elements 
named 

Variations  in  the  intensity  of  the  current  (*.  e.,  variations  in 
the  quantity  of  the  force  winch  passes  through  a  given  trans- 
verse section  of  the  conductor  in  equal  times)  produce  no  varia- 
tion in  the  amount  of  chemical  decomposition  which  is  effected 
by  the  arrangement.  For  example :  if  three  similar  voltameters, 
provided  with  plates  of  e<pal  area,  be  arranged  as  at  a9  J,  c,  fig, 
226,  the  first  will  transmit  twice  as  much  electricity  in  a  given 
time  as  either  of 
the  others.  The 
current  will  there- 
fore have  twice  the 
intensity  in  a ;  but 
the  total  quantity 
of  gas  collected 
from  i  and  c  to- 
gether will  be  ex- 
actly equal  to  the 
total  amount  yield- 
ed  by   a   in   the 

course  of  the  experiment.  Hence  it  follows  that  the  quantity  of 
electricity  which  is  separated  from  a  given  weight  of  matter  in 
the  act  of  combination  is  able,  irrespective  of  its  intensity,  when 
thrown  into  the  current  form,  to  produce  the  decomposition  of 
an  equivalent  mantity  of  any  compound  body  which  is  suscepti- 
ble of  electrolysis ;  and  hence  it  nas  been  concluded  that  the 
equivalent  weights  of  the  simple  bodies  are  those  weights  of  each 
substance  which  are  associated  with  equal  quantities  of  electricity, 
and  have  naturally  equal  electric  powers. 

To  these  laws  may  be  added  a  fifth — viz. : — 

5.  Those  bodies  only  are  dedrdytes  which  are  competed  of  a 
conductor  and  a  non-conductor.  Tlie  conductors  accumulate  on 
the  platinode,  the  non-conductors  on  the  zincode.  For  example, 
iodide  of  lead  when  melted,  conducts  the  current ;  metallic  lead, 
which  is  a  conductor,  accumulates  at  the  platinode ;  whilst  iodine, 
which  is  a  non-conductor  even  when  melted,  collects  at  thexino- 
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ode.  On  the  other  hand,  red  chloride  of  sulphur  (SCI,)  is  not 
an  electrolyte,  although  composed  of  single  equivalents  of  its 
components ;  and  melted  sulphur,  and  chlorine,  when  the  latter 
is  liquefied  by  pressure,  are  both  insulators  of  electricity.  A 
compound  composed  of  two  conductors  is  equally  unfit  for  elec- 
trolysis. For  instance,  a  metallic  allov,  such  as  plumber's  solder, 
composed  of  two  parts,  or  one  equivalent,  of  lead,  and  one  part, 
or  one  equivalent,  of  tin,  wften  melted,  conducts  the  current  per- 
fectly, but  no  separation  of  its  constituents  is  effected. 

(283)  .Relative  DecomposabUity  of  Electrolytes. — Every  elec- 
trolyte, since  it  can  transmit  a  current,  is  also  capable  of  gene- 
rating a  current  if  it  be  employed  to  excite  action  in  the  battery 
itself.  Comparatively  few  electrolytes,  however,  are  practically 
available  for  this  purpose.  It  is  necessary  that  the  deposited 
compounds  be  dissolved  as  fast  as  they  are  produced ;  otherwise 
the  crust  of  insoluble  matter  introduces  a  mechanical  obstacle  by 
which  the  action  is  speedily  checked. 

Great  differences  occur  in  the  facility  with  which  different 
electrolytes  yield  to  the  decomposing  action  of  the  voltaic  current. 
Generally  speaking,  the  greater  the  chemical  opposition  between 
the  elements  of  a  compound,  the  more  readily  it  yields  to  elec- 
trolysis. The  following  table  exhibits  the  order  in  which,  ac- 
cording to  Faraday,  the  different  compounds  which  are  enume- 
rated yield  to  electrolysis ;'  those  which  are  most  readily  decom- 
posed standing  first  on  the  list : — 

Solution  of  iodide  of  potassium 
Fused  chloride  of  silver 
Fused  chloride  of  zinc 
Fused  chloride  of  lead 
Fused  iodide  of  lead 
Hydrochloric  acid 
Diluted  sulphuric  acid. 

(284).  Electro-chemical  Actions. — The  suspension  of  chemical 
action  which  opcurs  under  the  influence  of  electrical  induction  is 
one  of  the  most  interesting  illustrations  of  the  correlation  pi 
forces.  This  suspension  is  well  shown  in  the  way  in  which  zinc 
when  placed  in  contact  with  copper  beneath  the  surface  of  sea- 
water,  acts  in  preventing  the  corrosion  of  copper,  and  transfers  to 
itself  the  chemical  energy  which  would  otherwise  be  manifested 
upon  the  copper  (261).  A  similar  suspension  of  chetnical  action 
is  produced  in  the  ordinary  case  of  the  decomposition  of  water 
between  two  platinum  electrodes  by  the  voltaic  current :  here 
the  electricity  appears  to  act  by  weakening,  or  rather  by  partly 
neutralizing,  ordinary  chemical  attraction  in  one  direction,  whilst 
it  strengthens  or  adcls  to  it  in  the  opposite,  and  hence  the  par- 
ticles which  were  previously  in  combination  with  each  other 
lose  their  attraction  one  for  the  other,  and  acquire  it  for  those 
particles  which  are  next  adjacent  to  them  in  the  liquid ;  tbns> 
if  the  brackets  above  the  subjoined  formulae  indicate  the  state 
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of  combination  of  the  elements  of  hydrochloric  acid  before  the 
passage  of  the  current,  the  brackets  below  would  indicate  the 
effect  produced  after  its  transmission,  thus : — 


HC1    HC1    HC1    HC1 


Here  z  o  is  supposed  to  represent  the  battery,  and  +  and  — 
the  terminal  wires  of  the  arrangement :  the  positive  electricity 
seems  to  detach  the  chlorine  adjacent  to  it  from  the  hydrogen 
with  which  it  was  previously  in  combination,  whilst  the  negative 
electricity  produces  a  similar  effect  upon  the  contiguous  particles 
of  hydrogen,  and  the  intermediate  portions  are  polarizea  in  the 
manner  above  represented. 

The  following  modification  of  this  experiment  also  shows 
in  a  striking  manner  the  remarkable  influence  of  electric  polar- 
ity upon  chemical  attraction: — If  two  separate  glasses  filled 
with  diluted  sulphuric  acid  be  placed  side  by  side,  and  into 
one  glass  the  negative  wire  of  the  battery  is  plunged,  whilst 
the  positive  wire  dips  into  the  other  cell,  no  decomposition  will 
ensue;  but  if  a  connexion  be  established  between  the  two 
glasses  by  means  of  a  slip  of  platinum  foil,  one  end  of  which  is 
made  to  dip  into  each,  the  current  will  be  immediately  trans- 
mitted :  hydrogen  will  be  evolved  upon  the  platinode  in  one 
glass,  and  oxygen  upon  the  zincode  in  the  other  glass ;  whilst, 
owing  to  the  polar  condition  into  which  the  connecting  slip  of 
platinum  is  thrown,  hydrogen  will  be  given  off  from  one  end  of 
the  slip,  and  oxygen  will  be  evolved  upon  the  other  extremity 
of  it,  although  the  metal  itself  experiences  no  sensible  change 
beyond  a  slight  rise  of  temperature. 

(285)  EUctrdysk  of  Salts.— It  has  already  been  stated  (282) 
thak  when  a  binary  compound,  such  as  a  fused  chloride,  or  an 
iodide,  is  submitted  to  electrolysis,  the  ions  or  components  of  the 
compound  are  separated  at  the  respective  electrodes  in  equivalent 
proportions:  the  metal  appearing  at  the  platinode,  whilst  the 
chlorine,  or  corresponding  element,  is  deposited  at  the  zincode. 
If  the  zincode  of  the  battery  be  formed  of  a  substance  capable 
of  combining  with  the  chlorine  or  corresponding  element,  an 
equivalent  amount  of  the  chloride  or  other  compound  of  this 
metal  will  be  formed  there ;  and  when  the  metal  01  the  zincode 
is  the  same  as  that  contained  in  the  compound  which  is  under- 
going decomposition,  the.  original  compound  is  reproduced. 
Thus,  if  a  quantity  of  fused  chloride  of  silver  (AgCl)  be  decom- 
posed by  a  current  which  is  conducted  into  it  by  means  of  silver 
wires,  the  quantity  of  the  chloride  will  undergo  no  alteration ; 
for  in  this  experiment,  as  fast  as  the  silver  is  deposited  upon  the 
negative  wire,  a  corresponding  amount  of  silver  will  be  dissolved 
from  the  positive  wire,  since  the  latter  wire  combines  with  the 
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equivalent  quantity  of  chlorine  which  ifl  liberated  at  this  point 
Let  Ag+  represent  the  positive  silver  wire,  or  zincode,  by  which 
the  current  is  conveyed  into  the  melted  chloride,  and  —  Ag  the 
negative  wire :  if  the  brackets  in  the  upper  row  of  symbols 
which  follow  indicate  the  combination  before  the  passage  of  the 
current,  the  lower  ones  will  show  the  arrangement  after  the  oc- 
currence of  the  decomposition  : — 

-  Ag  |AgJA^CJA^Cl|  Ag+ 

AgAg  l^gCJA^CJA^I 

An  examination  of  the  products  famished  by  the  electrolytic 
decomposition  of  aqueous  solutions  of  the  oxysalts  (or  salts  formed 
from  acids  which  contain  oxygen),  exhibits  results  which  appear 
to  be  at  variance  with  the  statement  that  the  components  of  an 
electrolyte  are  separated  in  equivalent  proportions — but  further 
investigation  shows  that  they  are  strictly  in  accordance  with  it ; 
these  experiments  also  lead  to  very  interesting  conclusions  which 
have  an  important  bearing  upon  the  theory  of  salts  in  general  ^ 

When  a  solution  of  an  oxysalt  such  as  sulphate  of  sodium  u 
submitted  to  electrolysis,  a  quantity  of  acid  accumulates  around 
the  positive  plate,  and  of  alkali  around  the  negative  plate ;  whilst 
at  the  same  time  both  oxygen  and  hydrogen  are  set  free.  The 
proportions  of  each  may  be  determined  by  means  of  a  diaphragm 
apparatus,  in  which  the  products  of  decomposition  can  be  kept 
separate  from  each  other,  and  the  gases  which  are  evolved  can 
be  separately  collected.  Such  an  apparatus  was  contrived  by 
Daniell,  and  is  represented  in  fig.  227.      A  and  c  are  the  two 

Fio.  227. 


halves  of  a  stout  glass  cylinder,  which  are  fitted  by  grinding  upon 
a  hollow  ring  of  glass,  o ;  the  two  rims  of  this  ring>  are  ground 
down  to  a  grooved  shoulder,  so  as  to  allow  a  thin  piece  of  blad- 
der to  be  tied  over  each  end  of  the  ring,  which  thus  constitutes  a 
kind  of  drum  ;  at  k  is  a  small  hole*  through  which  the  cavity  thus 
formed  can  be  filled  with  liquid ;  d  and  b  are  two  bent  glass 
tubes  for  carrying  off  the  gases  evolved  during  electrolysis ;  g  wid 
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h  are  two  large  platinum  electrodes,  which  pass  through  corks 
in  the  necks  of  the  cylinder,  and  can  be  connected  with  the  bat- 
tery by  means  of  the  wires,  /,  i.  The  apparatus  thus  forms 
three  compartments,  which  may  T>e  filled  with  the  liquid  for  ex- 

EHiment,  and  the  whole  may  be  supported  in  a  frame  of  wood, 
y  die  employment  of  this  apparatus,  it  is  found  that  while  a 
quantity  of  acid  accumulates  at  the  zincode,  an  equivalent 
amount  of  alkali  is  set  free  at  the  platinode.  At  the  same  time, 
a  quantity  of  gas  is  also  emitted  from  each  electrode,  that  from 
the  zincode  being  oxygen,  and  that  from  the  platinode,  hydro- 
gen. Upon  placing  a  voltameter  in  the  course  of  the  circuit,  it 
is  found  that  a  quantity  of  gas  is  emitted  from  the  saline  liquid, 
exactly  equal  to  that  obtained  from  the  voltameter ;  and  upon 
neutralizing  the  acid  and  alkali,  they  likewise  are  in  equivalent 
proportions  to  the  gas  which  is  emitted  (Daniell,  Phit.  Trans., 
1839  and  1840).*  Suppose  that  the  gas  collected  in  the  volta- 
meter amount  to  71  cubic  inches  (or  the  quantity  yielded  by  9 
grains  of  water  at  60°  F.,  Bar. =30  inches),  the  united  quantity  of 
oxygen  and  hydrogen  from  the  solution  of  sulphate  of  sodium  would 
be  the  same, — and,  in  addition,  one  equivalent  in  grains,  or  Tl 
grains  of  sulphate  of  sodium  would  be  decomposed ;  31  grains  of 
soda  (Na,<?)  would  apparently  be  liberated  at  the  platinode,  and  40 
grains  of  sulphuric  anhydride  (SOt)  at  the  zincode.  Upon  substi- 
tuting a  voltameter  of  fused  chloride  of  lead  in  the  circuit  for 
one  containing  diluted  sulphuric  acid,  and  still  continuing  to 
transmit  the  current  through  the  solution  of  sulphate  of  sodium, 
it  was  found  that  for  every  equivalent  of  chloride  of  lead  which 
was  decomposed,  1  equivalent  of  the  mixed  gases  was  evolved 
from  the  saline  solution,  and  at  the  same  time  1  equivalent  of  the 
sulphate  was  decomposed.  What  is  observed  in  the  case  of  sul- 
phate of  sodium  holds  good  also  with  the  oxysalts  of  the  alkalies 
and  earths  generally. 

(286)  Bearing  of Electrolysis  an  the  Binary  Theory  of  Salts. 
— It  is  a  fundamental  law  of  voltaic  action,  that  the  amount  of 
force  circulating  in  any  circuit  at  the  same  time  is  equal  in  every 
vertical  section  of  the  circuit,  and  consequently  its  decompiling 
energy  in  each  section  must  also  be  equal ;  yet  in  the  case  of  the 
sulphate  of  sodium,  there  appears  to  be  in  the  saline  solution 
twice  the  amount  or  decomposition  that  occurs  in  the  adjacent 
voltameter,  though  both  are  transmitting  the  entire  current  from 
the  battery.  A  satisfactory  and  complete  explanation  of  this 
anomaly  is,  however,  effected  by  the  bmary  theory  of  salts  in  the 
following  manner : — 

Upon  the  binary  theory  of  salts,  the  component  ions  of  sul- 
phate of  sodium  are  not  soda  and  sulphuric  anhydride  (Na.0,  SO,) 

•  This  observation  is  strictly  true,  as  I  hare  found  by  numerous  carerul  repetitions 
of  these  experiments,  although,  as  Magnus  (Poffff.  AtmaL  cii  1)  has  pointed  out,  when 
the  quantity  of  acid  and  alkali  becomes  considerable  in  the  two  cells,  the  liberated  acid 
and  alkali  each  transmit  a  portion  of  the  current  as  well  as  the  sulphate  of  sodium,  so 
that  if  the  experiment  be  unduly  prolonged,  the  proportion  of  the  add  and  base  set  free 
is  less  than  that  which  theory  requires. 
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bat  sodiam  and  sulphion  (a  compound  of  4  atoms  of  oxygen  and 
1  of  sulphur),  the  compound  being  stdphionide  of  sodium 
(N&JSOA) ;  and  such  it  proves  to  be  under  the  influence  of  elec- 
trolysis, sodium  being  liberated' at  the  platinode,  whilst  sulphion 
appears  at  the  zincode.  Sodium,  however,  cannot  exist  in  the 
presence  of  water ;  the  metal  immediately  takes  oxygen,  and  be- 
comes converted  into  soda;  Na,+H,0 yielding NatO+H1:  tlfe 
alkali  is  dissolved  in  the  liquid,  whilst  the  hydrogen  escapes  as 
gas.  Sulphion  is  equally  unable  to  exist  in  the  separate  form ; 
it  combines  with  hydrogen,  H^O^SO^  becoming  O+EJSOo 
'  while  oxygen  escapes,  and  sulphuric  acid  is  formed :  and  as  both 
sodium  and  sulphion  are  liberated  in  equivalent  proportions,  the 
quantity  of  water  decomposed  is  also  equivalent  to  the  quantity 
of  salt  electrolysed. 

On  the  foregoing  view,  therefore,  the  evolution  of  oxygen  and 
hydrogen  during  the  decomposition  of  saline  solutions  is  a  second- 
ary action.  If  a  solution  or  salt  of  a  metal  which,  like  -copper  or 
lead,  does  not  decompose  water  at  ordinary  temperatures,  be 
substituted  for  one  of  sulphate  of  sodium  as  the  electrolyte,  so 
hydrogen  should  be  evolved,  but  the  metal  itself  should  appear 
upon  the  platinode ;  whilst  if  the  other  constituent  of  the  salt  oe 
one  which,  like  chlorine,  is  unable  to  take  hydrogen  from  water 
at  common  temperatures,  no  oxygen  should  be  emitted.  Accord- 
ingly, upon  making  the  experiment  with  a  solution  of  chloride  of 
copper  or  of  chloride  of  lead,  the  Bait  is  resolved  into  metallic 
copper  or  metallic  lead,  and  chlorine  gas,  but  no  oxygen  or  hy- 
drogen, is  liberated.  These  observations  will  explain  the  reason 
that  although  water,  when  pure,  is  scarcely  decomposed  by  the 
current  from  100  cells  or  upwards,  yet  it  appears  instantly  to 
become  a  good  electrolyte  on  the  addition  of  a  few  drops  of  acid, 
or  of  solution  of  a  salt  of  an  earth  or  an  alkali ;  for  upon  the 
addition  of  the  salt  it  is  this  body  which  is  decomposed,  and  the 
water  is  then  resolved  into  oxygen  and  hydrogen  by  a  secondary 
action  in  the  manner  already  explained.  Sulphuric  acid  in  solu- 
tion is  in  like  manner  resolved  into  hydrogen  and  sulphion, 
KjSPr  In  neither  case  is  the  water  directly  electrolysed.  This 
observation  also  explains  a  circumstance  which  much  perplexed 
the  earlier  experimenters  upon  the  chemical  action  of  tne  voltaic 
pile.  In  all  experiments  in  which  water  was  decomposed,  both 
acid  and  alkali  were  invariably  found  to  be  liberated  at  the 
electrodes,  although  distilled  water  was  employed ;  and  hence  it 
was  believed  for  some  time  that  the  voltaic  current  had  6ome 
mysterious  power  of  generating  acid  and  alkaline  matter.  The 
true  source  of  these  compounds,  however,  was  traced  by  Davy 
{Phil.  Trans.,  1807),  who  showed  that  they  proceeded  from  im- 
purities contained  either  in  the  water  employe,  or  ip.  the  vessels 
made  use  of,  or  in  the  atmosphere  itself.  Uaving  proved  that 
ordinary  distilled  water  always  contains  traces  of  saline  niatter, 
he  redistilled  it  at  a  temperature  below  the  boiling-point,  in  order 
to  avoid  all  risk  of  carrving  over  salts  by  splashing :  he  found 
that  when  he  used  marble  cups  to  contain  the  water  for  decom- 
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position,  the  acid  was  the  hydrochloric  and  the  alkali  was  soda, 
both  derived  from  chloride  of  sodium  present  in  the  marble  it- 
self ;  when  agate  caps  were  used  to  contain  the  water,  he  ob- 
tained silicia ;  and  wnen  he  used  gold  vessels,  he  procured  nitric 
acid  and  ammonia,  which  he  traced  to  atmospheric  air;  by 
operating  va  vacuo,  the  quantity  of  acid  and  alkali  was  reduced 
to  a  minimum,  but  the  decomposition  then  was  almost  arrested, 
although  he  operated  with  a  battery  of  60  pairs  of  4-inch  plates. 
Hence  it  is  manifest  that  water  itself  is  not  an  electrolyte,  but  it 
is  enabled  to  convey  the  current  if  it  contain  only  faint  traces  of 
saline  matter. 

The  following  table  will  illustrate  the  manner  in  which  saline 
bodies  may  be  classified  in  relation  to  their  mode  of  electric  de- 
composition; the  anion  indicating  the  electro-negative,  the 
cat/won,  the  electro-positive  component. 


a    o««u  (  Simple  Anion.... 

**  ^P1* H  Simple  Cathion. 


B,  Complex. 


Simple  Anion 

Compound  Cathion... 

Compound  Anion 

Simple  Cathion 

Compound  Anion 

Compound  Cathion.., 


Compound  Anion.. 
Simple  Cathions... 


Compound  Anion 

Simple  and  Compound  Cathions.. 


Ag,CL 
H4N,CL 

H4NyCtH,0,. 

Na,P04. 

(Na,H,H4N),P04. 


When  monoba8io  salts  are  the  subjects  of  electrolysis,  the  pro- 
portion of  acid  and  of  base  liberated  is  in  single  equivalents : 
thus,  nitrate  of  potassium  yields  1  equivalent  of  potash  and  1  of 
nitric  acid  for  each  equivalent  of  fused  chloride  of  silver  which  is 
decomposed  in  the  voltameter. 

When  a  polvbasic  salt  is  submitted  to  electrolysis,  for  each 
atom  of  fused  chloride  of  lead  (PbCl,)  which  is  electrolysed  in  the 
voltameter,  2  atoms  of  base  appear  at  the  platinode :  for  exam- 
ple, when  2  atoms  of  the  tribasic  phosphate  of  sodium  are  decom- 
posed,  3  atoms  of  chloride  of  lead  are  reduced  in  'the  voltameter ; 
and  in  the  diaphragm  cell  2  (Na,P04)  yield  3  Na, 0+8  H,  at  the 
platinode,  whilst  2  (HfP04)+3  0  are  liberated  at  the  zincode. 
When  the  pyrophosphate  of  sodium  (Na4P,0T)  is  electrolysed,  2 
atoms  of  chloride  of  lead  are  decomposed  in  the  voltameter,  whilst 
2  Nas0+2  H,  make  their  appearance  at  the  platinode  of  the  dia- 
phragm cell,  and  H4Pt0T+  0%  are  set  free  at  the  zincode.  When 
2  atoms  of  metaphosphate  of  sodium  2  (Na,P0t)  are  decomposed, 
1  atom  of  chloride  of  lead  is  electrolysed  in  the  voltameter,  whilst 
Na,0+H,  appears  at  the  platinode  of  the  diaphragm  cell,  and  2 
HP0f  +  0  is  liberated  at  tne  zincode.  In  each  case  the  phospho- 
ric acid  thus  transferred  preserves  its  tribasic,  dibasic,  or  mono- 
basic character,  according  to  the  nature  of  the  salt  which  was 
electrolysed. 
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The  results  of  the  electrolysis  of  the  monobasic  and  polybasic 
oxysalts,  it  will  thus  be  seen,  admit  of  a  simple  explanation  upon 
the  binary  theory.  The  results  of  the  decomposition  of  the  basic 
salts  are  not,  however,  so  easily  reconciled  with  this  view.  Ac- 
cording to  £.  Becquerel,  when  basic  salts  are  decomposed, — for 
each  atom  of  chloride  of  lead  in  the  voltameter,  2  atoms  of  a 
monobasic  acid  are  liberated  at  the  zincode^  whilst  all  the  atoms 
of  base  which  were  previously  in  combination  with  the  acid  are 
liberated  at  the  platinode.  My  own  experiments  upon  this  point 
confirm  this  view,  although  from  a  numerous  series  of  trials  on 
the  basic  nitrites,  basic  nitrate,  and  basic  acetates,  of  lead,  I 
always  obtained  a  smaller  quantity  of  oxide  of  lead  and  of  me- 
tallic lead  than  was  required  by  theory,  if  this  law  held  good; 
probably  this  deficiency  was  due  to  the  secondary  action  of  the 
solution  upon  the  liberated  oxide.  When,  for  example,  the  tri- 
basic  acetate  of  lead  {Pb  2  PbO,  2  (7,H,0t)  was  decomposed,  em- 
ploying as  the  electrodes  plates  of  lead  instead  of  plates  of  plati- 
num, for  every  2  atoms  of  acetic  acid  radicle  whicn  appeared  at 
the  zincode,  somewhat  less  than  1  atom  of  metallic  lead  and  2 
atoms  of  oxide  of  lead  appeared  at  the  platinode :  so  that  the 
salt  appeared  to  have  undergone  decomposition  into  Pb+%PbO 
and  2  (7,IL0t.  It  is  difficult  to  reconcile  the  idea  of  an  ion  con- 
sisting of  PJ+2PJ0*  with  the  binary  theory.  The  most  prob- 
able explanation  appears  to  be  this :  viz.,  that  the  oxide  of  lead 
is  attacked  to  the  normal  acetate  in  a  manner  analogous  to  water 
of  crystallization,  and  that  the  normal  acetate  is  the  true  electro- 
lyte, whilst  the  oxide  is  left  upon  the  electrode  in  the  insoluble 
form  as  soon  as  the  acid  which  kept  it  in  solution  is  removed.  A 
similar  explanation  may  be  applied  to  the  case  of  other  soluble 
basic  salts. 

Faraday's  '  principle,  that -if  the  same  pair  of  elements  unite 
with  each  other  to  form  more  than  one  compound,  it  is  only  the 
compound  which  contains  one  atom  of  each  element  that  admits 
of  electrolysis,'  although  generally  true,  cannot,  however,  be  laid 
down  as  a  law  of  electric  decomposition.  It  occasionally  happens 
that  two  different  electrolytes  containing  the  same  elements  exist 
Both  cupric  chloride  (CkCl,)  and  cupreous  chloride  (CM31),  for 
example,  are  electrolytes.  When  a  current  of  given  strength  is 
transmitted  successively  through,  1,  a  solution  of  sulphate  of  cop- 
per; 2,  a  solution  oi  cupric  chloride;  and  8,  fused  cupreous 
chloride,— decomposition  takes  place  simultaneously  in  each :  but 
for  each  atom  of  sulphate  of  copper  resolved  into  Cu  and  SO„ 
one  of  cupric  chloride  is  decomposed  into  On  and  CI,  and  two  of 
cupreous  chloride  into  2  Cu  and  CI, ;  so  that  for  each  atom  of 
copper  separated  at  the  platinode  from  the  solution  of  the  sul- 


*  £.  Becquerel  considered  that  he  had  obtained  a  new  suboxide  of  lead  by  the  elec- 
trolysis of  its  basic  salts,  but  this  appears  to  be  an  error.  It  is  a  mere  mixture  of 
metallic  lead  with  oxide  of  lead,  for  the  solution  of  neutral  acetate  of  lead  quickly  dis- 
solves the  oxide  and  leaves  the  metallic  lead :  and  the  proportion  of  oxide  to  the  metallic 
lead  vanes  according  to  the  nature  of  the  salt  operated  upon. 
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phate  and  from  the  cupric  or  ordinary  chloride,  2  atoms  of  cop- 
per are  liberated  from  the  cupreous  chloride. 

If  sulphate  of  copper  be  used  as  the  measure  of  the  voltaic 
action,  Buff  (Liebig'8  Anauxl.,  ex.  257)  considers  when  fused 
molybdic  anhydride  is  electrolysed,  that  for  each  atom  of  sul- 
phate of  copper  resolved  into  Cu  and  SO*  1  atom  of  molybdic 
anhydride  {Mo09)  furnishes  1  atom  of  oxygen  and  1  of  MoOt, 
and  in  like  manner  1  atom  of  fused  y anadic  anhydride  ( VOt) 
furnishes  1  of  oxygen  and  1  of  VOt.  Fused  bichromate  of  potas- 
sium (K,O,0„  or  K,Or04JCrOt)  is  also  an  electrolyte,  and  it  is 
decomposed  partially  into  Kt  and  Or04,  and  partially  into  CrtO% 
and  Ot. 

The  same  current  which  liberates  3  atoms  of  metallic  copper 
from  3  of  sulphate  of  copper,  will  successively  resolve  one  atom 
of  chloride  of  aluminum  \AltCi%)  into  At±  and  Cl„  6  of  cupreous 
chloride,  6  {CuC\\  into  Ou9  and  Cl„  and  2  of  chromic  anhy- 
dride, 2  (CrO„\  into  Ort09  and  Ot. 

When  more  than  one  salt  is  present  in  a  solution,  the  current, 
when  below  a  certain  strength,  decomposes  only  one  of  them,  the 
best  conductor  being  decomposed  when  the  current  is  feeble ;  but 
when  the  intensity  of  the  current  passes  a  certain  limit,  a  portion 
of  the  inferior  conductor  experiences  decomposition.  This  limit 
to  the  intensity  of  the  current,  according  to  Magnus  (Pogg.  Amu, 
ciL  he.  ett.)y  varies  with  the  size  of  the  electrodes,  and  with  the 
distance  between  them,  as  well  as  with  the  proportion  in  which 
the  different  electrolytes  are  mixed.* 

(287)  Unequal  Transfer  of  lone  during  Elecbrdyeis. — A  cu- 
rious circumstance  in  relation  to  the  proportion  in  which  the  ions 
of  the  electrolyte  travel  towards  the  respective  electrodes,  was 
remarked  in  the  couree  of  these  investigations  on  the  decomposi- 
tion of  saline  solutions.  It  was  perhaps  natural  to  expect  that, 
if  a  solution  underwent  electrolytic  decomposition,  for  each 
equivalent  of  the  compound  decomposed,  its  component  ions 
should  be  transferred  to  each  electrode  in  the  exact  proportion 
of  half  an  equivalent  of  each,  although  a  whole  equivalent  was 
liberated  in  the  manner  shown  at  No.  2  in  the  scheme  which 
follows : — 


(1) 

OuCu 
SO.SO, 

CuOu 
80,80, 

(2) 

— Oul  On  0 
SO,  8 

u  Cu    + 
0,  SO,  |  SO, 

(8) 

—Oul    Cu 
SO, 

OuCu 
SO.SO,  |  80,+ 

In  this  scheme  it  is  supposed  that  sulphate  of  copper  is  the 

*  The  results  obtained  by  Magnus  upon  the  decomposition  of  iodic  acid,  perobloxide 
of  tin,  and  some  other  bodies,  appear  to  be  only  secondary  actions,  not  produced  by  the 
direct  electrolysis  of  these  compounds,  and  consequently  they  do  not  admit  of  being 
applied  to  the  general  theory,    tills,  indeed,  has  already  been  pointed  out  by  Buff, 


— 
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electrolyte,  each  particle  of  copper  represented  by  the  symbol  Cu 
being  in  combination  with  the  particle  of  sulphion  represented  by 
804  immediately  beneath  it.  Let  a  a  indicate  the  position  of  a 
diaphragm  of  bladder  separating  two  equal  quantities  of  the  solu- 
tion which  in  No.  1  are  supposed  to  be  in  their  normal  6tate. 
Let  No.  2  represent  the  same  solution  after  it  has  undergone 
electrolysis ;  an  equivalent  of  copper  having  been  set  free  at  tfre 
platinode,  and  one  of  sulphion  at  the  zincode.  It  was  not  un- 
natural to  expect  that  this  result  would  have  been  attained  by 
the  transfer  of  half  an  equivalent  of  copper  into  the  division  con- 
taining the  platinode,  whilst  half  an  equivalent  of  sulphion  passed 
towards  the  zincode  in  the  manner  represented.  Experiment, 
however,  shows  that  such  a  supposition  is  erroneous,  and  that 
the  decomposition  more  commonly  happens  in  the  mode  repre- 
sented in  No.  3,  in  which  case  a  whole  equivalent  of  the  anion 
is  transferred  to  the  zincode,  leaving  a  whole  equivalent  of 
cathion  uncombined,  at  the  platinode.  Sometimes  when  the 
oxide  of  a  metal  is  soluble  in  water,  the  transfer  of  a  small  quan- 
tity of  the  cathion  takes  place  towards  the  platinode,  but  the 
quantity  of  the  cathion  and  the  anion  set  free  are  always  in 
equivalent  proportions  to  each  other  (Daniell  and  Miller,  PhtL 
Trans.,  1844,  p.  16).  Acids,  whether  they  be  soluble  in  water 
or  not,  always  travel  towards  the  zincode  in  proportions  larger  than 
the  metals  which  are  united  with  them  pass  towards  the  platinode. 

D' Almeida  {Ann.  de  Chimiey  III.  h.  257)  attributes  these  re- 
markable irregularities,  which  occasion  much  inconvenience  in 
electro-plating,  to  the  development  of  free  acid  around  the  zincode. 
He  considers  that  the  acid,  owing  to  its  superior  conducting  power, 
conveys  a  large  proportion  of  the  current,  and  that  the  metal  is 
then  reduced  upon  the  platinode  by  the  hydrogen,  at  the  moment 
of  its  liberation.  He  finds  that  when  the  solutions  are  strictly 
neutral  the  inequality  of  transfer  is  scarcely  perceived.  Strictly 
neutral  solutions  of  copper  and  zinc,  when  decomposed  between 
electrodes  of  copper  or  zinc  respectively,  become  acid  during  the 
operation,  because  the  metal  at  the  zincode  is  not  dissolved  quite 
so  rapidly  as  it  is  separated  at  the  platinode,  and  consequently  a 
little  free  acid  accumulates  around  the  zincode,  and  occasions  the 
irregularity  in  transfer  of  the  ions  which  we  are  now  considering. 
When  a  current  traverses  a  saline  solution  kept  constantly  acid 
in  the  zincode  cell,  whilst  the  platinode  is  maintained  constantly 
•neutral,  the  salt  is  transferred  unequally,  the  zincode  becoming 
least  impoverished ;  but  if  the  solution  be  kept  neutral  around 
the  zincode  whilst  it  is  maintained  alkaline  around  the  platinode, 
the  result  is  reversed,  and  the  impoverishment  of  the  platinode  is 
the  least  marked. 

This  explanation  of  D'  Almeida  is  confirmed  by  the  subsequent 
researches  of  Magnus.  Hittorf  {Pogg.  Annal.,  hexxix.  177,  and 
xcviii.  1)  gives  a  different,  and,  as  it  appears  to  me,  an  improba- 
ble and  complicated  theory  for  the  explanation  of  these  results ; 
but  his  experiments  appear  to  be  consistent  with  those  already 
quoted. 
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(288)  J£lectrovectiany  or  Electrical  Endotmooe. — It  was  ob- 
served many  years  ago  by  Porrett,  when  water  was  placed  in  a 
diaphragm  apparatus,  one  side  of  which  was  connected  with  the 
positive,  and  the  other  side  with  the  negative  electrode  of  the' 
battery,  that  a  considerable  portion  of  the  liquid  was  transferred 
from  tne  positive  towards  the  negative  side  of  the  arrangement. 
It  has  since  been  found  that  the  same  result  occurs  in  a  minor 
degree  when  saline  solutions  are  electrolysed,  and,  generally,  the 
greater  the  resistance  which  the  liquid  offers  to  electrolysis  the 
greater  is  the  amount  which  is  thus  mechanically  carried  over* 
From  numerous  experiments  I  have  found  that  in  all  these  cases 
the  water  carries  with  it  a  proportion  of  the  salt  which  it  holds 
in  solution. .  It  appears  from  the  researches  of  Wiedemann  {Pogg. 
Annal.y  lxxxvii.  321),  which  have  been  confirmed  by  those  of 
Quincke,  that  the  amount  of  liquid  transferred,  cateris  paribus, 
is  proportioned  to  the  strength  or  intensity  of  the  current ;  that 
it  is  independent  of  the  thickness  of  the  diaphragm  by  which  the 
two  portions  of  liquid  are  separated ;  and  that  when  different  so- 
lutions are  employed,  the  amount  transferred  in  each  case,  by 
currents  of  equal  intensity,  is  directly  proportional  to  the  specific 
resistance  of  the  liquid. 

This  transfer  has  been  minutely  studied  by  Quincke,  who 
seems  to  have  explained  the  steps  which  attend  its  production : — 

If  a  capillary  tube,  bent  into  the  form  of  the  fetter  U,  filled 
with  an  imperfect  conductor,  such  as  alcohol  or  distilled  water, 
be  connected  by  platinum  wires  with  the  inner  and  outer  coatings 
of  a  charged  lieyden  jar,  the  level  of  the  liauid  is  raised  in  the 
negative  limb,  and  depressed  in  the  positive  limb.  The  quantity 
of  liquid  which  is  thus  carried  over  is  proportioned  to  the  electro- 
motive power  of  the  arrangement,  and  is  independent  of  the 
length  of  the  tube :  he  has  also  found  that  the  quantify  of  liquid 
carried  over  for  equal  charges  is  inversely  as  the  square  of  the 
diameter  of  the  tube.  In  a  tube  of  one  millimetre  diameter  with 
a  single  cell  of  Grove's  battery,  distilled  water  rises  0-000061mm* 
in  the  negative  tube. 

If  oil  of  turpentine  or  bisulphide  of  carbon  be  substituted  for 
water,  and  the  two  platinum  wires  be  connected  with  the  positive 
and  negative  conductors  of  the  electrical  machine,  the  move- 
ments are  reversed,  the  fluid  rising  in  the  positive  bend.  The 
motion  of  oil  of  turpentine  may,  however,  be  reversed  if  the  tube 
be  lined  with  sulphur.  If  a  diaphragm  apparatus  with  a  porous 
elay  septum  be  used,  the  essence  of  turpentine  is  transferred 
towards  the  positive  electrode,  but  if  a  diaphragm  of  flowers  of 
sulphur,  compressed  between  two  pieces  of  silk,  be  used,  the  trans- 
fer is  towards  the  negative  electrode.  It  is  obvious  thai;  this 
transfer  is  connected  with  the  particular  electrical  condition  as- 
sumed by  the  containing  vessel  or  diaphragm,  in  relation  to  the 
liquid  which  is  set  in  motion. 

It  has  b&n  observed  by  Jiirgensen,  that  light  particles  of  va- 
rious solids  in  suspension  in  water  are  transferred  in  the  direc- 
tion opposite  to  that  in  which  the  water  is  carried  under  the  in- 
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fluence  of  the  current ;  and  these  motions  are  diminished  by  the 
addition  of  any  Bait  or  other  substance  which  increases  the  con- 
ducting power  of  the  liquid. 

Into  a  straight  piece  of  capillary  tube  0-4mm#  in  diameter,  lei 
distilled  water  containing  a  few  granules  of  starch  in  suspension 
be  placed,  and  let  the  liquid  be  connected  with  the  positive  and 
negative  conductors  of  the  machine,  by  means  of  platinum  wires 
sealed  into  the  tube.  It  will  then  be  seen  that  the  granules  in 
the  centre  of  the  tube  pass  towards  the  negative  electrode,  whilst 
along  the  sides  of  the  tube  is  a  return  current  towards  the  other 
electrode.  By  increasing  {he  rapidity  of  the  rotation  of  the 
machine,  the  central  current  becomes  increased  in  rapidity,  whilst 
that  on  the  surface  becomes  dower,  and  at  length  the  movement 
of  the  suspended  particles  is  reversed,  so  that  all  move  towards 
the  negative  electrode.  The  wider  the  tube,  the  more  difficult 
it  is  to  produce  this  reversal  of  the  current  of  the  particles  at  the 
surface.  Solid  particles  of  the  most  varied  description  exhibit 
these  phenomena,  and  alwavs  in  the  same  order  when  water  is 
employed.  Thus,  whether  finely-divided  gold,  platinum,  copper, 
iron,  graphite,  quartz,  felspar,  oxide  of  manganese,  asbestos, 
emery,  baked  clay,  sulphur,  lac,  silk,  cotton,  Iycopodium,  car- 
mine, quill,  paper,  ivory,  air-bubbles,  small  drops  of  oil  of  tur- 
pentine or  of  bisulphide  of  carbon,  be  used,  the  phenomena  are 
m  each  case  similar. 

If  oil  of  turpentine  be  substituted  for  water,  the  same  bodies 
all  move,  but  the  motions  are  now  towards  the  positive  electrode, 
with  the  single  exception  of  sulphur. 

Quincke  seems  to  have  found  the  key  to  these  remarkable 
phenomena.  By  employing  granules  of  lvcopodium,  which  are 
sufficiently  uniform  in  size,  and  very  nearly  of  the  same  density 
as  water,  he  ascertained  by  watching  their  motion  under  the 
microscope,  that  the  velocity  of  a  particle  near  the  axis  of  the 
tube  is  proportional  to  the  intensity  of  the  current.  The  follow- 
ing is  his  explanation  :— 

The  water  near  the  sides  of  the  tube  is  transferred  towards 
the  negative  electrode,  while  all  the  suspended  particles  are  im- 
pelled towards  the  positive  electrode.  These  two  motions  are 
effected  with  a  speed  proportioned  to  the  intensity  of  the  current ; 
but  the  water  returns  along  the  axis  of  the  tube,  as  there  is  no 
other  course  open  to  it,  and  assists  the  motions  of  the  suspended 
particles.  The  water  on  the  sides  of  the  tube,  on  the  contrary, 
carries  the  particles  in  a  direction  opposite  to  that  in  which  they 
are  tending.  When  the  intensity  of  the  electricity  increases,  the 
rapidity  with  which  the  particles  move  increases  more  rapidly 
than  the  motion  of  the  liquid,  because  of  the  increasing  influence 
of  the  friction  of  the  sides  upon  the  moving  water ;  so  that  at 
length  a  point  is  reached  in  which  the  solid  particles  move  faster 
than  the  opposing  current  of  the  water. 

In^  these  phenomena  water  acts  partly  as  a  conductor,  partly 
as  an  insulator.  As  a  conductor  traversed  by  a  current,  the  cylin- 
der of  water  on  its  surface  acquires  a  quantity  of  free  electricity, 
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the  density  of  which  varies  from  one  section  to  another ;  but  in- 
asmuch as  the  conducting  power 'of  water  is  imperfect,  time  is 
required  for  the  communication  of  the  electricity  of  one  particle 
to  the  adjacent  particles.  Now  a  particle  of  water  near  the  side 
of  the  tube  becomes  positively  electric  by  contact  with  the  glass, 
and  its  positive  electricity  tends  to  move  in  the  same  direction  as 
the  positive  electricity  of  the  current ;  but  since  the  particle  of 
water  cannot  instantaneously  part  with  its  electricity,  it  is  carried 
fdrward  in  the  direction  of  the  positive  current :  and  these  mo- 
tions can  only  occur  in  imperfect  conductors,  which  retain  their 
charge  for  a  sensible  time.  If  a  foreign  substance,  such  as  a  grain 
of  starch,  be  suspended  in  the  water,  it  becomes  negatively  elec- 
tric by  simple  contact  with  the  water,  and  independently  of  the 
current  from  the  machine, — water  having  been  shown,  by  Fara- 
day and  others,  to  become  positively  electrified  by  friction  with 
every  substance  hitherto  tried;  and  the  electricity  evolved  by 
contact  follows  the  same  law  as  that  produced  by  friction.  If  a 
conducting  liquid  be  added  to  the  water,  these  conditions  of  the 
development  of  electricity  by  contact  are  altered,  and  the  motion 
of  the  particles  is  arrested. 

Oil  of  turpentine,  on  the  contrary,  becomes  negative  by  fric- 
tion and  by  contact  with  all  substances  hitherto  tried,  except 
sulphur,  and  consequently  the  direction  of  the  movements  is  re- 
versed.   (Quincke,  Ann.  de  Ckimie,  III.  lxiii.  479.) 

(289)  Secondary  Remits  of  Electrolysis. — The  explanation 
already  given  of  the  mode  in  which  the  oxysaJts  are  electrolysed 
was  happily  applied  by  Daniell  to  the  elucidation  of  the  origin 
of  the  voltaic  power,  m  a  combination  contrived  by  Becquerel 
(262),  which  presents  many  interesting  peculiarities.  If  a  porous 
tube  filled  with  nitric  acid  be  plunged  into  a  vessel  containing  a 
solution  of  potash,  and  the  wires  of  a  galvanometer,  armed  with 
platinum  plates,  be  plunged  one  into  the  nitric  acid,  and  the 
other  into  the  alkaline  solution,  a  current  will  circulate ;  oxygen 
will  be  emitted  from  the  plate  immersed  in  the  potash,  and 
nitrous  acid,  owing  to  the  absorption  of  hydrogen  by  the  nitric 
acid,  will  be  formed  around  the  other  plate,  whilst  nitrate  of 
potassium  is  slowly  produced  by  transudation  of  the  two  liquids 
through  the  pores  of  the  diaphragm.  By  connecting  several  of 
these  cells  together  in  succession,  upon  the  principle  of  the  ordi- 
nary battery,  the  power  may  be  considerably  augmented.  The 
decomposition  which  appears  to  occur  is  represented  by  the  fol- 
lowing symbols,  in  which  H,N0t  indicates  the  nitric  acid,  and 
K,H<7  the  hydrate  of  potash  :  the  position  of  the  brackets  above 
tho  symbols  indicates  the  arrangement  before  the  current  is  estab- 
lished, whilst,  after  its  passage,  the  arrangement  is  supposed  to 
be  that  indicated  by  the  brackets  beneath : — 

KjTot  BJSOt  |  KJW  KJIO. 

It  is  particularly  to  be  observed  that  no  development  of  oxy- 
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gen  or  of  hydrogen  occurs  upon  the  platinum  plates  until  the 
two  plates  are  united  by  a  conducting  wire,  and  it  ceases  as  Boon 
as  the  conducting  communication  between  the  plates  is  inter- 
rupted :  in  the  latter  case  the  polar  arrangement  of  the  particles 
i»  interfered  with,  although  the  reaction  ot  the  hydrate  of  potaah 
upon  the  nitric  acid  continues.  The  secondary  action  of  the 
nitric  acid  on  the  hydrogen  which  is  set  free  is  necessary  to  the 
development  of  the  current.  If  sulphuric  acid  be  substituted  for 
the  nitric,  the  hydrogen  is  not  absorbed  and  no  current  is  ob- 
tained, probably  because  it  js  neutralized  by  the  counter  current 
which  the  accumulation  of  the  hydrogen  upon  the  platinum  plate 
tends  to  produce  (264). 

The  secondary  actions  of  the  voltaic  current  are  often  of  greit 
importance ;  they  require  to  be  carefully  distinguished  from  its 
primary  effects.  Secondary  results  are,  in  some  instances,  pro- 
duced by  the  action  of  the  liberated  components  of  the  electrolyte 
upon  the  materials  employed  as  electrodes :  thus  if  a  slip  of  cop- 
per be  substituted  for  one  of  platinum,  as  the  zincode  of  the  bat- 
tery, and  be  immersed  in  diluted  sulphuric  acid,  sulphate  of  cop- 
Set  will  be  formed  by  the  combination  of  the  copper  with  me 
isengaged  sulphion.  At  other  times,  the  secondary  results  are 
manifested  by  the  reaction  of  the  ion  upon  the  liquid  in  which 
the  electrolyte  is  dissolved,  as  when  the  potassium  or  sodiumjSet 
free  at  the  platinode  in  an  aqueous  solution  of  its  salts,  liberates 
hydrogen  by  its  action  upon  the  water;  K  +  HH0=H+EH& 
In  the  cases  just  citeds  the  chemical  attractions  of  the  disengaged 
ions  are  very  intense,  and  the  secondary  action  is  exaetlj  propor- 
tioned to  the  primary,  so  that  it  may  be  employed  as  a  measure  of 
the  current :  but  when  the  tendency  to  combination  is  mow 
feeble,  the  proportion  of  these  secondary  actions  to  the  primary 
one  is  greatly  influenced  by  the  extent  of  surface  exposed  by  the 
electrode  to  the  liquid,  and  the  energy  of  the  eiirrent,  and  confcfr 
quent  quantity  of  the  ion  disengaged  at  once*  Generally,  the 
slower  the  action ,  and  the  larger  the  surface  of  the  electrode,  the 
more  uniform  and  complete  is  the  secondary  action-  These 
results  are  well  exemplified  by  Bun  sen's  researches  on  the  isola- 
tion of  the  more  oxidizable  metals  by  the  voltaic  current.  "  & 
thin  platinum  wire  be  used  as  the  platinode  in  a  solution  of  chlo- 
ride of  chromium^  to  convey  the  current  from  4  or  5  cellfl  of  the 
nitric-acid  battery,  metallic  chromium  may  be  obtained  without 
difficulty  ;  but  if  a  plate  of  platinum  be  employed,  oxide  of  chrfr 
niiuin,  mixed  with  a  certain  amount  of  hydrogen,  is  liberated ; 
in  the  latter  case  the  metal  has  time  to  decompose  the  water 
before  fresh  particles  of  chromium  are  deposited  upon  its  surface. 
In  consequence  of  these  secondary  actions  the  same  element 


Bulphate  of  ammonium  be  submitted  to  electrolysis,  - 
ammonia  and  hydrogen  at  the  platinode  and  a  mixture  of  Es- 
trogen with  oiygen  is  set  free  at  the  zincode.  The  nitrogen  in 
this  case  is  liberated  as  a  secondary  result  of  the  combination  ot 
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a  portion  of  the  oxygen  with  the  hydrogen  of  the  ammonia.  If 
nitrate  of  ammonium  be  substituted  for  the  sulphate,  nitrogen 
appears  among  the  gaseous  products  at  both  electrodes,  the  nitric 
acid  being  deprived  of  its  oxygen  by  the  hydrogen  evolved  at  the 
platinode,  and  the  ammonia  of  its  hydrogen  by  the  oxygen  set 
free  at  the  zincode. 

If  a  solution  of  acetate  of  lead  be  employed  as  the  electrolyte, 
the  acetic  acid  undergoes  partial  decomposition  from  the  action 
of  the  oxygen  upon  it  at  the  moment  of  its  liberation  at  the  zinc- 
ode,  but  at  the  same  time  a  portioji  of  the  oxygen  also  enters 
into  combination  with  some  of  the  oxide  of  lead  contained  in  the 
liquid,  and,  as  Warington  proved,  a  deposit  of  peroxide  of  lead  is 
produced.  Nobili,  who  first  observed  this  phenomenon,  found  that 
if  a  polished  steel  plate  be  employed  in  such  a  solution  as  the 
zincode  to'  the  battery  (4  or  6  cells  of  Grove's  may  be  employed), 
the  deposit  assumes  the  form  of  a  thin  film,  winch  exhibits  the 
iridescent  tints  of  Newton's  scale, — the  tints  varying  according 
to  the  thickness  of  the  film  produced.  Other  experimentalists 
have  modified  the  patterns  which  may  be  obtained  by  these  metab- 
lochromes,  which  have  been  applied  by  Becquerel  even  to  the 
imitation  of  the  tints  of  flowers ;  and  by  varying  the  strength 
of  the  battery  and  of  the  solutions  employed,  he  has  succeeded  in 
producing  some  effects  of  great  delicacy  and  beauty.  Salts  of 
manganese  or  of  bismuth  may  be  substituted  for  those  of  lead, 
with  similar  results. 

Many  of  these  secondary  actions  are  very  interesting :  Kolbe 
has  devoted  particular  attention  to  the  effects  of  oxygen  when 
liberated  during  electrolysis  (Proceed.  CAem.  Soa,  iii.  285,  and 
Q.  J.  Chem.  &oc.9  ii.  157).  Hydrochloric  acid,  especially  when 
previously  mixed  with  sulphuric  acid,  is  in  this  manner  partially 
converted  around  the  zincode  into  chloric  and  perchloric  acids ; 
and  in  an  acid  solution  of  chloride  of  potassium,  chlorate  and 
perchlorate  of  potassium  are  formed.  Cyanide  of  potassium  in 
solution,  when  subjected  to  the  voltaic  current,  is  in  like  manner 
converted  into  the  cynate.  A  concentrated  solution  of  chloride 
of  ammonium  evolves  hydrogen  at  the  platinode,  but  the  chlorine 
instead  of  being  liberated  at  the  zincoae,  acts  upon  the  chloride 
of  ammonium,  and  forms  oily  drops  of  chloride  of  nitrogen,  which 
explode  when  touched  by  the  opposite  electrode.  Smee  has 
shown  that  by  means  of  the  voltaic  current  the  ferrocyanide  may 
be  converted  into  the  ferricyanide  of  potassium.  Kolbe  has, 
further,  ascertained  the  effect  of  the  liberated  oxygen  upon 
various  organic  compounds,  and  by  submitting  valerate  of  potas- 
sium to  electrolysis  he  decomposed  the  valeric  acid  (HC.H^) 
which  it  contains,  and  succeeded  in  obtaining  from  it  a  new  sub- 
stance, valyl  (tf«H9)„  (or  more  properly  tefoyl) ;  a  new  ether, 
(C,Hlt0>  tetrylic  ether,  and  a  hydrocarbon  (u4Ht),  apparently 
identical  with  oil-gas :  and  by  a  similar  process  from  acetic 
acid  (HC,H$04)  he  obtained  methyl  (0H,),,  the  homologue  of 
tetryl.  Particular  interest  is  attached  to  these  researches,  owing 
to  the  circumstance  that  in  each  case  the  compounds  obtained  by 
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the  electrolysis  belong  to  a  series  related  to  an  alcohol  different 
from  that  which  was  submitted  to  decomposition.  The  valeric 
acid  thus  yields  an  ether  of  the  tetrylic  series ;  and  acetic  acid, 
which  is  a  derivative  of  wine-alcohol  furnishes  the  hydrocarbon 
which  belongs  to  the  wood-spirit  series. 

(290)  Nascent  State  of  Bodies. — It  is  obvious,  from  the  power 
ful  effect  which  oxygen  produces  at  the  moment  of  its  liberation 
from  compounds  during  electrolytic  decomposition,  that  such 
oxygen  must  be  in  a  condition  very  different  from  that  in  winch 
it  exists  when  once  it  has  assumed  the  gaseous  form.     Oxygen  u 
not  insoluble  in  water,  and  it  is  therefore  possible  to  brine  it  in 
small  quantities  at  a  time  into  chemical  contact  with  salts  or 
other  bodies  which  water  may  hold  in  solution.     Oxygen  oas 
may,  however,  be  transmitted  for  an  unlimited  time  through  a 
solution  of  chloride  of  potassium  without  effecting  the  conversion 
of  any  portion  of  the  chloride  into  chlorate,  or  into  perchlorateof 
potassium ;  and  yet,  as  has  been  mentioned  in  the  foregoing  para- 
graph, this  change  is  easily  effected  by  oxygen  as  it  escapes  during 
tne  electrolysis  of  an  acidulated  solution  of  the  chloride  of  potas- 
sium.   But  it  is  not  necessary  that  oxygen  should  be  liberated  by 
the  agency  of  the  voltaic  battery  in  order  that  it  should  acquire 
this  increase  of  activity.    If  bydrated  protoxide  of  nickel^  or  prot- 
oxide of  cob  alt  j  be  suep  ended  in  a  solution  of  caustic  potash,  it 
will  undergo  no  change  when  subjected  to  a  current  of  oxygen 
gas  ;  but  ir  a  current  of  chlorine  be  substituted  for  the  oxygen, 
the  whole  of  the  metallic  oxide  will  be  converted  into  a  brown 
sesquioxide :  this  change  arises  from  the  action  of  the  chlorine 
upon  the  potash,  during  which  chloride  of  potassium  is  formed 
Whilst  oxygen  is  set  tree,  and  at  the  moment  of  its  liberation 
attaches  itself  to  the  oxide  of  nickel  or  of  cobalt ;  2KHO+Cl,+ 
2{mOyU,0)=2KCl\-MtO„%TIiO.      Other    substances    besides 
oxygen  exhibit  this  peculiarity,  and  chemists  have  long  recog- 
nized the  fact,  that  bodies,  when  in  this  na*cmt  duie — that  is  to 
say  when  in  the  act  of  liberation  from  other  substances — display 
more  energetic  attractions  than  they  show  when  once  obtained 
in  the  isolated  form : — For  example  cyanogen  and  chlorine  do 
not  enter  directly  into  combination ;    but  if  cyanogen  at  the 
instant  that  it  is  set  free  from  another  compound,  be  presented 
to  chlorine,  the  two  bodies  combine ;  so  that  if  moist  cyanide  of 
mercury  be  decomposed  by  means  of  chlorin*,  chloride  of  cyano- 
gen may  be  obtained :  the  chlorine  removes  the  mercury  step  by 
step,  and  the  cyanogen  at  the  moment  of  its  liberation  entera  into 
combination  with  another  portion  of  chlorine.    In  a  simitar  man- 
ner sulphur,  when  set  free  from  an  alkaline  persulphide  in  the 
midst  of  a  solution  of  hydrochloric  acid,  combines  with  hydrogen 
and  forms  persulphide  of  hydrogen,  KA  + 21101=^ +  2KC1, 
the  chlorine  taking  the  potassium,  whilst  the  sulphur  and  the 
hydrogen,  both  in  the  nascent  state,  unite  to  form  a  new  com- 
pound, although  their  chemical  attraction  is  so  slight  that  tbis 
compound  separates  spontaneously  into  sulphuretted  hydrogen 
and  free  sulphur*    The  process  of  double  decomposition  is  p^' 


ticularly  applicable  in  cases  where  the  mutual  attraction  of  the 
bodies  which  it  is  desired  to  obtain  in  combination  is  compara- 
tively feeble.  It  is  not  impossible  that  this  superior  chemical 
activity  of  bodies  in  the  nascent  state  may  arise  from  the  fact  that 
their  particles  are  individually  electrified  at  the  moment  of  their 
separation  from  a  previous  state  of  combination  ;  and  that  in  this 
condition  they  may  exert  upon  the  particles  of  dissimilar  con- 
tiguous matter,  a  force  of  induction  which  may  be  the  agent  that 
determines  their  chemical  combination  :  if  by  a  process  of  double 
decomposition  the  particles  of  both  compounds  were  oppositely 
electrified,  combination  might  be  expected  to  be  proportionately 
facilitated  : — For  instance,  if  a  solution  of  sulphide  of  potassium 
and  one  of  chloride  of  copper  be  mixed,  they  will  aecompose 
each  other,  the  sulphur  being  negative,  will  tend  to  combine 
with  the  positive  copper,  and  the  positive  potassium  will  unite 
with  the  negative  chlorine.  If  the  brackets  in  No.  1  represent 
the  mode  in  which  the  molecules  are  arranged  on  the  instant  of 
mixture  previous  to  decomposition,  those  in  No.  2  will  illustrate 
the  arrangement  of  the  molecules  after  mutual  decomposition 
has  been  effected : — 


m  K,£  Cu  CI,  Wmy^   j  K,  S  Cu  CI,  )  ,~ 

W  ci, Cu stC become  \<£<hSX\ {) 

—  +    -     +  —    +   —    + 

(291)  Theory  of  the  Electrical  Origin  of  Chemical  Attraction. 
— It  has  already  been  remarked  (245, 257)  that  whenever  two  dis- 
similar substances,  electrically  insulated,  are  brought  into  contact, 
and  are  separated  from  each  other,  disturbances  of  their  electrical 
equilibrium  is  produced ;  one  of  tne  bodies  becoming  negatively 
electrified  whilst  the  other  indicates  a  corresponding  charge  of 
positive  electricity.  It  is  a  well  ascertained  fact,  that  certain 
substances,  by  friction,  acquire  one  kind  of  electricity  more  readily 
than  the  other ;  thus,  for  example,  sulphur,  when  rubbed  upon 
flannel  or  fur,  becomes  negatively  electric,  whilst  glass,  on  the 
other  hand,  most  readily  assumes  the  positive  state.  What  has 
been  proved  to  occur  when  masses  of  matter  are  brought  into 
contact  was  supposed  by  Davy  {Phil.  Trans.,  1807)  to  happen 
also  when  the  molecules  of  two  dissimilar  substances  are  brought 
within  the  sphere  of  mutual  activity ;  he  assumed  *  that  chemical 
and  electrical  attractions  depend  upon  the  same  cause,  acting 
in  one  case  on  particles,  in  the  other  on  masses  of  matter '  (Phu. 
Trans.,  1826,  p.  389) ;  and  all  the  phenomena  of  chemical  attrac- 
tion have  been  referred  to  the  exertion  of  mutual  electrical 
attraction  between  the  atoms  of  each  substance  in  the  com- 
pound. When,  for  example,  chlorine  and  potassium  are  united, 
it  is  supposed  that  each  atom  of  chlorine,  by  contact  with  an 
atom  oi  potassium,  becomes  negatively  electrified,  whilst  the 
potassium  becomes  positively  excited ;  a  certain  portion  of  the 


positive  electricity  from  the  chlorine  uniting  with  a  correspond- 
ing amount  of  negative  electricity  which  is  liberated  from  the 
potassium,  thus  producing  the  light  and  heat  which  attends  the 
combination  of  these  two  bodies  (Berzelius).  Supposing  each 
atom  of  both  kinds  of  matter  to  be  associated  with  equal  quan- 
tities of  both  electricities,  and  that  the  two  different  electricities 
be  represented  by  the  signs  +  and  -,we  may  represent  the 
potassium  and  chlorine  by  symbols ;  (—  K  H-)  indicating  an  atom 
of  potassium,  and  {—  CI  -f )  an  atom  of  chlorine.  As  soon  as  the 
two  bodies  are  bronglit  into  contact,  it  is  supposed  that  the  chlo- 
rine loses  a  certain  amount  of  positive  electricity,  whilst  the  po- 
tassium loses  an  equal  quantity  of  negative  electricity,  the  change 
being  symbolized  thus  (-fKCl  — )  and  (h — )<  When  the  chlo- 
ride of  potassium  is  decomposed  electrolytic  ally,  a  quantity  of 
positive  electricity  is  transferred  from  the  positive  wire  of  the 
battery  to  the  chlorine,  and  compensates  for  that  which  it  has 
lost;  and  when  this  amount  of  electricity  has  been  restored,  the 
chlorine  no  longer  has  any  tendency  to  remain  in  combination 
with  the  potassium,  and  hence  it  is  set  free  upon  the  positive  plate, 
whilst  a  simultaneous  transfer  of  negative  electricity  to  the  potas- 
sium occurs  from  the  negative  plate  and  the  alfealine  metal  is 
therefore  liberated  upon  the  negative  side  of  the  arrangement. 
The  electricity  which  is  set  free  by  the  battery  is  snpplied  by  the 
action  of  the  sulphior*  upon  the  zinc,  in  the  ceils  of  which  the 
battery  consists* 

The  remarkable  law  discovered  by  Faraday,  that  the  same 
current  of  electricity  when  transmitted  successively  through 
various  electrolytes,  decomposes  each  in  the  proportion  of  their 
respective  chemical  equivalents  (282,  4)  adds  greatly  to  the  pro- 
bability of  the  supposition  that  electrical  and  chemical  pheno- 
mena are  due  to  different  manifestations  of  the  6ame  agent.  So 
strong  was  Dauiell's  conviction  upon  this  point,  that  he  applied 
the  term  current  affinity  to  the  voltaic  current  \  since  by  means  of 
the  proper  application  of  conductors,  or  channels  for  the  force,  the 
chemical  attraction  6f  a  portion  of  zinc  and  sulphuric  acid  at  one 
point  could  be  transferred  to  a  distant  spot,  and  could  there  be 
made  to  effect  an  equivalent  amount  of  chemical  decomposition 
upon  a  different  compound.  The  chemical  equivalent  of  an v  sub- 
stance uj>on  the  electro-chemical  theory,  is  that  quantity  of  each 
body  which  is  associated  with  an  amount  of  electricity  equal  to 
that  associated  with  a  given  weight  of  some  substance,  such  as 
hydrogen,  which  is  selected  as  the  standard  of  comparison  ;  the 
proportion  of  electricity  which  is  associated  with  a  given  weight 
of  any  substance  being  inversely  as  its  combining  proportion. 
Assuming  the  specific  electricity  of  hydrogen  to  be  represented 
by  the  arbitrary  numher  1000,  the  following  is  given  by  Daniell 
{tntrod.  to  Ch&m,  Phil,  2nd  Ed,  p.  687)  as  an  approximative  table 
of  the  spectfio  ehctrimty  (or  quantity  of  electricity  associated  with 
equal  w&ighis)  of  a  few  of  the  more  important  elements  and  com* 
pounds : — 
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CathioM 


Equiva- 

Specific 

lent 

Electricity. 

1.0 

1000 

89-2 

25 

28*8 

48 

82*5 

81 

81*6 

81 

17*0 

58 

47'2 

21 

81-8 

82 

28*5 

85 

Anions. 


Equiva- 
lent. 


Spedfle 
Electricity. 


Hydrogen , 
Potassium 
Sodium  ... 

Zinc 

Copper.... 
Ammonia. 
Potash  .... 

Soda 

Lime 


Oxygen 

Chlorine. 

Iodine 

Bromine 

Fluorine 

Cyanogen 

Sulphuric  Acid 

Nitric  Acid 

Chloric  Acid.... 


8-0 
85*5 
126-0 
78-8 
18-7 
260 
40-0 
54-0 
75-5 


125 
27 
8 
12 
55 
88 
25 
18 
18 


Ingenious,  however,  as  is  the  electrical  theory  of  chemical  afr 
traction,  it  must  be  admitted  that  it  is  far  from  being  free  from 
objection  and  difficulty  when  it  is  attempted  to  apply  it  to  all 
cases  of  chemical  action.  It  has  been  already  stated  tnat  a  vefy 
large  number  of  bodies  exist  which  are  not  susceptible  of  electro- 
lysis.* Indeed,  the  chief  classes  of  electrolytes  are :  1,  binary 
compounds  of  the  non-metallic  elements  with  the  metals,  such  as 
the  oxides,  chlorides,  iodides,  bromides,  and  fluorides ;  2,  com- 
pounds of  bodies  like  cyanogen  with  the  metals,  such  as  the 
cyanides  and  the  sulphocyanides ;  and  3,  compounds  of  the 
metals  with  the  radicles  of  the  oxyacids,  such  as  the  nitrates, 
sulphates,  borates,  carbonates,  acetates,  tartrates,  &c.  Now,  so 
long  as  a  compound  consists  of  two  elements  only,  if  it  be  decom- 
posed at  all,  there  is  no  difficulty  in  anticipating  the  result  of  the 
voltaic  action ; — the  electro-negative  element  will  appear  at  the 
zincode,  and  the  electro-positive  element  at  the  platinode ;  yet 
there  are  binary  compounds  which  are  not  electrolysable,  such, 
for  instance,  as  pure  water,  and  chloride  of  sulphur.  If  their 
particles  be  united  by  electric  opposition,  why  should  they  not 
yield  to  the  current  ?  In  the  case  of  more  complex  bodies,  such, 
for  example,  as  nitrate  of  silver,  or  borate  of  lead,  it  is  not  possi- 
ble, djprtorij  to  say  how  the  compound  would  yield  under  the 
electric  influence.  It  is  quite  clear  in  the  case  of  salt,  that  the 
power  which  holds  together  the  two  ions  of  the  salt  in  the  form 
of  two  uo-decftric  groups  (or  groups  of  equal  electric  energy), 
must  be  of  a  different  order  from  that  which  holds  the  elements 
of  its  component  ions  in  combination.  The  tie  which  binds 
together  nitrate  of  silver  as  Ag,N0„  must  be  of  an  order  different 
from  that  which  unites  the  elements  of  nitrion  Q$Ot)  together. 
Sulphate  of  sodium,  again,  as  an  electrolyte  is  separated  into  Na, 
ana  SO^  But  neither  nitrion  nor  sulphion  can  exist  in  the  sepa- 
rate form ;  how  can  they  become  associated  under  electric  innu 
ence  ?  Again,  (SO^)  sulphuric  anhydride,  is  not  an  electrolyte 
when  fused :  the  same  thing  may  be  said  of  fused  boracic  anhy- 
dride ;  and  examples  of  this  kind  might  be  multiplied  almost 

•  A  very  numerous  series  of  Grove's  battery,  amounting  to  900,  and  in  some  instances 
even  to  950  pairs,  produced  in  the  experiments  of  Lapochm  and  xichanowitsch  no  effect 
on  absolute  alcohol,  ether,  valeric  acid,  oil  of  turpentine,  bisulphide  of  carbon,  and  fused 
borado  anhydride ;  fousel-oil  was  scarcely  acted  on. 


440  ELBCriBOTTPE,  OB  TOLTATTFB. 

without  limit.  Why,  if  chemical  attraction  be  due  to  the  exer- 
tion of  electric  action,  should  certain  bodies  be  readily  decom- 
posable by  the  voltaic  current,  and  why  should  others  of  less 
complex  composition  resist  it  entirely  ?  At  present,  no  hint  ap- 
pears to  have  been  given  which  offers  any  clue  to  the  solution  of 
these  questions. 

Practical  Applications  qf  Electrolytic  Action. 

(292)  Electrotype,  VoUatype,  or  Gafowio-Plastics. — Shortly 
after  Daniell  had  mvented  his  constant  battery,  he  observed  that 
when  copper  was  deposited  upon  a  plate  of  platinum,  it  furnished 
a  coherent  sheet  in  which  the  lines  and  irregularities  on  the  sur- 
face of  the  platinum  were  faithfully  reproduced  upon  the  deposit- 
ed copper ;  but  he  made  no  practical  application  of  the  observa- 
tion. In  the  year  1839,  Jacobi,  of  St.  Petersburg,  announced 
that  he  had  discovered  a  method  of  making  exact  copies  of  a 
metallic  surface  in  copper  by  means  of  the  voltaic  battery,  and 
shortly  afterwards  Messrs.  Spencer  an<^  Jordan,  who  had  each 
independently  arrived  at  a  similar  result,  published  the  methods 
which  they  had  employed  for  the  attainment  of  this  object.    The 

Srocesses  thus  disclosed  were  so  simple  and  easy  of  execution, 
lat  they  were  immediately  repeatea  with  success ;  and  in  the 
following  year  Mr.  Elkington  in  England,  and  M.  KuoLs  in 
France,  began  to  apply  the  voltaic  battery  on  an  extensive  scale 
to  the  arts  of  plating  and  gilding.  Since  this  period  the  voltaic 
battery  has  been  most  extensively  employed  as  a  means  of  de- 
positing not  only  copper,  gold,  and  silver  from  their  solutions, 
but  zinc,  tin,  and  lead,  and  occasionally  platinum  and  nickel : 
many  other  metals  have  also,  for  particular  purposes,  been  re- 
duced from  their  salts  by  its  means. 

For  the  deposition  of  metallic  copper,  a  solution  of  the  sul- 
phate of  this  metal  is  employed,  but  the  mode  of  using  it  varies 
with  the  object  in  view.  Suppose  that  it  be  desired  to  obtain  a 
copy  of  an  engraved  copper  plate :  a  wire  or  slip  of  copper  hav- 
ing been  soldered  to  the  plate  for  the  purpose  of  facilitating  its 
connexion  with  the  battery,  the  back  oi  the  plate  is  covered  with 
a  resinous  varnish,  by  which  means  this  surface  is  electrically  in- 
sulated from  the  solution,  and  it  is  thus  protected  from  any  de- 
posit of  reduced  metal.  The  plate  thus,  prepared  is  connected 
with  the  negative  electrode  of  a  voltaic  battery,  consisting  of  3 
or  4  of  Smee's  or  Darnell's  cells,  and  immersed  vertically  in  a 
bath  consisting  of  a  saturated  solution  of  sulphate  of  copper.  A 
sheet  of  copper,  equal  in  size  to  the  one  to  "be  copied,  is  suspend- 
ed parallel  to  the  latter  in  the  liquid,  and  connected  with  the 
positive  electrode  of  the  battery ;  an  immediate  decomposition 
of  the  solution  ensues ;  metallic  copper  is  deposited  upon  the  en- 
tire surface  of  the  negative  plate,  in  the  form  of  a  coherent,  con- 
tinuous sheet,  and  a  nearly  corresponding  amount  of  copper  is 
dissolved  from  the  positive  plate,  so  that  the  liquid  remains  con- 
stantly charged  with  a  quantity  of  sulphate  of  copper,  approxi- 
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matively  equal  to  that  originally  employed.  At  the  commence- 
ment of  the  operation,  care  must  be  taken  to  ascertain  that  the 
deposit  occurs  uniformly  ore*  th?  whole  surface  of  the  negative 
plate,  for  if  any  portion  of  it  be  soiled  by  grease  or  resinous  mat- 
ter, tne  copper  will  not  be  thrown  down  upon  those  parts :  when 
once  the  deposition  has  commenced  uniformly,  it  goes  on  without 
difficulty.  If  the  plates  be  suspended  vertically,  the  solution 
should  be  frequently  agitated,  for  unless  this  precaution  be  taken, 
the  liquid  around  the  negative  plate  becomes  impoverished,  whilst 
that  around  the  positive  plate  becomes  unduly  saturated  with 
the  copper  salt  (287) ;  currents  are  then  produced  in  the  liquid, 
owing  to  its  unequal  density,  and  they  occasion  the  formation  of 
vertical  grooves  and  striae  upon  the  back  of  the  sheet  of  deported 
metal.  This  inconvenience  is  sometimes  obviated  by  supporting 
the  two  plates  in  the  bath  in  a  horizontal  position,  the  negative 
plate  being  undermost ;  the  positive  plate  must  in  this  case  be 
enveloped  in  flannel,  in  order  to  prevent  the  small  particles  of 
metal,  which  are  constantly  being  detached  from  it,  from  falling 
xlpon  the  lower  plate,  and  interfering  with  the  regularity  of  the 
deposition. 

The  deposit  varies  in  hardness  and  coherence  according  to  the 
number  of  cells  employed  in  the  battery,  the  relative. size  of  the 
plates  of  the  battery  and  those  of  the  depositing  cell,  and  the 
temperature  and  decree  of  concentration  of  the  solution.  The 
more  slowly  the,  action  takes  place,  if  the  solution  be  concen- 
trated, the  harder  and  more  crystalline  is  the  deposit.  By  modi- 
fying the  power  of  the  battery,  and  the  strength  of  the  solution, 
in  tne  manner  which  experience  soon  indicates,  copper  may  be 
obtained  of  any  desired  degree  of  toughness. 

When  the  deposit  has  acquired  the  necessary  thickness,  it 
must  be  detached  at  its  edges  from  the  original  plate,  and  can 
then  be  stripped  off  without  difficulty.  The  thin  film  of  oxide, 
or  of  other  adhering  impurity,  derived  from  the  exposure  even  or 
a  freshly  deposited  copper  plate  to  the  air  for  a  few  hours,  is 
sufficient  to  prevent  too  intimate  an  adhesion  between  the  plate 
and  the  deposit.  In  the  electrotype  thus  obtained,  the  lines 
which  are  cut  away  upon  the  surface  oT  the  original  plate  are 
represented  in  relief  in  the  copy,  and  if  a  fac-simile  of  the  en- 
graving be  desired,  a  new  deposit  must  be  formed  upon  the  copy 
thus  procured ;  in  this  second  transfer,  an  exact  duplicate  of  tne 
original  engraving  will  be  presented.  Many  large  and  valuable 
copper  plates,  amongst  which  are  some  of  those  engraved  for  the 
Art  Union,  have  been*  thus  multiplied  with  success.  So  faithfully 
does  the  deposit  reproduce  all  irregularities  upon  the  surface  of 
the  matrix  on  which  it  is  deposited,  that  by  its  means  copies  of 
daguerreotype  plates  have  been  obtained,  in  which  the  original 
design  is  accurately  transferred  to  the  deposit  of  copper,  without 
destroyingthe  original  impression. 

*  (293)  Preparation  of  Moulds  for  Electrotypmg. — In  copying 
medals  or  other  works  of  art,  it  is  frequently  necessary  to  employ 
casts  of  the  objects,  instead  of  the  original  objects  themselves, 
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which  might  be  liable  to  injury  by  immersion  in  the  metallic 
solution.  These  casts  may  oe  made  in  fusible  metal!  or  in 
stearine,  in  plaster,  or  gutta  percha.  Gore  (JPharm.  Journal, 
July,  1855)  recommends  a  mixture  of  2  parts  of  gutta  percha  and 
1  part  of  marine  glue ;  the  materials  are  to  be  cut  up,  and  the 
glue  melted  at  a  gentle  heat  and  incorporated  with  the  gutta 
percha.  The  paste  is  to  be  applied  while  soft,  with  a  pressure 
gradually  increasing,  to  the  surface  of  the  medal,  or  other  object 
which  it  is  desired  to  copy.  In  certain  cases  an  impression  of 
the  object  to  be  copied  is  obtained  in  sheet  lead  by  the  applica- 
tion of  strong  pressure.  In  every  instance  before  proceeoing  to 
effect  the  metallic  deposition,  the  back  of  the  mould,  if  made  of 
metal,  or  of  a  conductor  of  electricity,  must  be  coated  with  a 
resinous  varnish,  or  with  some  non-conducting  matter.  When 
moulds  of  plaster  of  Paris  are  employed,  they  must  be  rendered 
impervious  to  moisture  by  immersion  in  melted  wax  or  tallow ; 
after  which  the -surface  to  be  copied  is  endued  with  the  power  of 
conducting  electricity,  by  applying  finely-powdered  black-lead, 
of  good  quality^  to  the  surface  by  means  of  a  brush ;  taking  care 
that  every  portion  of  the  surface  to  be  copied  is  completely  coat- 
ed by  it.  The  cast  is  then  connected  with  the  negative  wire  of 
the  battery  by  means  of  a  strip  of  sheet  lead,  or  a  copper  wire, 
which  is  in  electric  contact  with  some  portion  of  the  black-lead 
surface.  Impressions  of  seals  in  sealing-wax,  stamps  in  relief 
upon  pasteboard  or  paper,  and  the  engraved  blocks  used  for 
wood-cuts,  after  they  have  been  thus  rendered  conductors  upon 
the  surface,  may  be  electrotyped  with  facility.  Even  glass  may 
be  rendered  a  conductor  by  the  use  of  one  of  the  methods  of  de- 
positing silver  upon  its  surface.  Leaves,  flowers,  fruits,  and  in- 
sects have  also  been  coated  with  copper,  or  with  silver,  by  the 
electrotype  process.  A  mode  of  producing  a  conducting  surface 
upon  these  articles,  due  to  Capt.  Ibbetson,  consists  in  immersing 
them  in  a  weak  solution  of  phosphorus,  either  in  bisulphide  ot 
carbon  or  in  ether,  allowing  the  solvent  to  evaporate  from  the 
surface,  and  then  plunging  tne  objects  into  a  solution  of  nitrate 
of  silver;  the  phosphorus  left  upon  the  surface  reduces  a  very 
thin  film  of  silver  upoi  the  superficial  portions  of  the  objects, 
sufficient  to  enable  them  to  receive  the  deposit  from  the  battery, 
if  they  be  properly  connected  with  the  negative  wire,  and  sub- 
mitted in  a  metallic  bath  to  the  action  of  the  electric  current. 
Steel  plates  cannot  be  copied  by  immersing  them  in  a  bath  of 
sulphate  of  copper,  because  the  steel  and  the  sulphate  act  chemi- 
cally on  each  other,  and  thus  the  engraving  would  be  destroyed. 
This  difficulty  has  been  overcome  by  electrotyping  them  first  in 
silver,  which  can  be  deposited  upon  the  steel  without  injury,  and 
upon  this  silver  matrix  a  copper  fac-simile  of  the  original  plate 
can  afterwards  be  obtained. 

For  the  electrotyping  of  small  objects,  such  as  coins  or  medals, 
it  is  not  necessary  to  use  a  separate  voltaic  battery,  since  the 
depositing  cell  itself  may,  in  the  following  manner,  be  converted 
into  a  voltaic  couple  of  sufficient  power  to  decompose  the  sulphate 
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of  copper : — Let  a  glass  cylinder,  such  as  the  chimney  of  an 
argand  gas-burner,  be  closed  below  by  a  ping  of  plaster  of  Paris, 
ana  b£  supported  in  a  vessel  containing  a  solution  of  sulphate  of 
copper,  in  which  the  mould  or  the  medal  to  be  copied  is  support- 
ed by  a  metallic  wire ;  let  the  inner  tube  be  tilled  with  sulphuric 
acid  diluted  with  10  or  12  times  its  bulk  of  water,  and  let  an 
amalgamated  zinc  rod  be  placed  in  its  axis.  If  this  zinc  rod  be 
connected  with  the  wire  proceeding  from  the  mould  of  the  medal 
to  be  electrotyped,  copper  will  be  deposited  upon  the  surface  of 
the  mould.  The  apparatus  in  fact  constitutes  a  cell  of  Daniell's 
battery,  with  a  trifling  modification  in  its  form.  The  solution  of 
oopper  should  be  maintained  uniformly  saturated  with  sulphate 
of  copper,  by  suspending  crystals  of  the  salt  in  the  upper  part  of 
the  liquid. 

(294)  Elecfoo-zincvng. — Zinc  maybe  deposited  from  its  sul- 

i)hate  on  the  surface  of  iron,  by  processes  similar  to  those  used 
or  sulphate  of  copper.  The  operation  requires  but  a  feeble  cur* 
rent,  and  admits  of  being  performed  upon  a  very  large  scale :  the 
iron  links  of  the  Hungerford  suspension  bridge,  which  were 
passed  into  the  abutments  on  the  side  of  the  river,  were  success- 
fully submitted  to  this  operation ;  each  of  those  links  is  24  feet 
in  length,  and  of  proportionate  width.         • 

It  is  not  possible,  however,  to  obtain  coherent  plates  of  all 
the  metals  with  the  same  facility  as  is  the  case  with  copper  and 
zinc.  Many  of  the  metals  are  thrown  down  from  their  solu- 
tions in  a  crystalline  form,  whether  the  deposition  be  effected 
rapidly  or  slowly.  Silver  is  separated  thus  from  its  nitrate,  and 
lead  exhibits  a  similar  deportment  when  the  acetate  or  the 
nitrate  of  this  metal  is  electrolysed.  Gold  and  platinum  do  not 
give  coherent  plates  when  solutions  of  the  chlorides  of  these 
metals  are  submitted  to  voltaic  deposition.  Lead  may  be 
deposited  upon  iron  from  a  solution  of  oxide  of  lead  in  potash ; 
and  a  solution  of  oxide  of  tin  in  potash  may  be  used  to  obtain 
coherent  plates  of  tin  by  electrolysis.  In  like  manner  ammonia- 
cal  solutions  of  the  salts  of  cobalt  and  nickel  may  be  employed  to 
furnish  electrotype  plates  of  these  metals.  In  some  cases,  how- 
ever, when  a  simple  salt  fails  to  give  a  satisfactory  result,  the 
effect  may  be  obtained  by  the  employment  of  certain  double  salts 
of  the  same  metal  with  potassium  or  with  sodium :  thus  the 
double  cyanide  of  gold  and  potassium  is  largely  employed  for  gild- 
ing, and  the  corresponding  salt  of  silver  is  extensively  used  in 
electro-silvering.  In  gilding,  silvering,  and  zincing,  one  great 
desideratum  is  to  obtain  a  firm  adherence  between  the  newly 
deposited  metal  and  the  object  to  be  gilt  or  plated ;  the  surface 
of  the  metallic  object  is  therefore  first  rendered  chemically  clean, 
a  result  which  is  carefully  avoided  in  the  process  of  electrotvp- 
ing.  In  the  latter  case  it  is  usual  to  expose  the  object,  if  freshly 
polished,  to  the  atmosphere  for  24  hours  before  placing  it  in  the 
depositing  cell,  in  order  to  prevent  permanent  adhesion. 

(295).  Eledro-PlatMW—Th&  metals  upon  which  an  adherent 
coating  of  silver  is  most  readily  deposited  are  brass,  copper, 
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bronze,  and  German  silver ;  but  it  may  also  be  effected  on  steel. 
The  articles  to  be  plated  are  cleansed  from  adhering  greasy 
matters  either  by  boiling  them  in  a  weak  alkaline  solution,  and 
then  washing ;  or  they  are  heated  to  low  redness  in  a  muffle : 
in  either  case  they  are  next  dipped  into  dilated  nitric  acid  for  the 
purpose  of  removing  any  adhering  film  of  oxide.  They  are  then 
Drushed  with  a  hard  brush  and  some  sand;  and  having  been 
rinsed  from  adhering  impurities,  and  separately  attached  to  a 
clean  copper  wire,  they  are  again  dipped  for  an  instant  into  nitric 
acid,  washed,  and  immersed  whilst  still  wet  in  the  silvering  bath. 
Let  fig.  228  represent  a  plan  of  this  bath,  and  o  z  the  voltaic 
battery ;  the  copper  wires  attached  to  the  arti- 
Fio.  228.  cles  to  be  plated  are  twisted  round  the  rods  p 

p  p,  which  are  connected  with  the  negative 
wire  of  the  battery,  whilst  the  positive  wire  is 
connected  with  a  series  of  silver  plates,  zzz, 
which  are  also  immersed  in  the  silvering  li- 
quid. This  solution  is  commonly  prepared  by 
dissolving  cyanide  of  silver  in  a  solution  either 
of  cyanide  or  of  ferro-cyanide  of  potassium. 
Solutions  containing  hyposulphite  or  sulphite 
of  «ilver  are  occasionally  employed.  In  order 
to  prepare  the  silvering  bath^  a  solution  of  ni- 
trate of  silver  may  be  precipitated  by  the  ad- 
dition of  cyanide  of  potassium  so  long  as  it 
Eroduces  a  precipitate :  this  precipitate,  after 
aving  been  washed  by  decantation,  is  dis- 
solved in  a  solution  of  cyanide  of  potassium. 
An  excess  of  cyanide  of  potassium  is  requisite ;  at  least  3  parts  of 
cyanide  of  potassium  being  employed  for  1  part  of  cyanide  of 
silver.*  A  solution  which  contains  7V  of  its  weight  of  silver  is 
found  to  be  of  a  convenient  strength  for  ordinary  operations. 
When  cyanide  of  potassium  is  used  in  the  bath  as  a  solvent,  the 
solution  gradually  becomes  alkaline  from  the  formation  of  car- 
bonate of  potassium,  which  accumulates  in  the  liquid  and  inter- 
feres with  the  regularity  of  the  decomposition :  but  if  cyanide  of 
calcium  be  substituted  for  the  cyanide  of  potassium,  this  incon- 
venience is  obviated,  since  carbonate  of  calcium  is  formed,  and 
owing  to  its  insolubility,  it  sinks  to  the  bottom  of  the  bath  as 
fast  as  it  is  produced.  The  articles  when  plated  have  a  dead 
white  or  chalky  surface,  but  they  may  be  burnished  by  pressure 
if  desired,  and  they  then  assume  the  brilliant  lustre  of  polished 
silver.  It  is  remarkable  that  the  addition  of  a  very  small  pro- 
portion of  bisulphide  of  carbon  to  the  bath  causes  the  deposited 
silver  to  assume  the  lustre  of  the  polished  metal.f    The  amount 


*  If  fenocyanide  of  potassium  be  used  as  a  solvent  of  the  cyanide  of  silver,  10  parts 
of  tfiis  salt  are  required  for  the  solution  of  1  part  of  cyanide  of  silver. 

f  In  order  to  effect  this  object,  6  ounces  of  bisulphide  of  carbon  are  directed  to  be 
agitated  with  1  gallon  of  the  plating  liquid,  and  set  aside  for  24  hours.  Two  ounces  of 
tie  liquid  thus  obtained,  are  to  be  added  over  night  to  20  callous  of  the  ordinary  plating 
liquid ;  the  bath  is  ready  for  use  next  morning.    This  addition  of  the  solution  of  the 
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of  silver  which  ifl  deposited  can  be  regulated  very  accurately  by 
weighing  the  articles  before  immersion,  and  weighing  them  again 
afterwards.  A  deposit  of  from  1J  ounce  to  1£  ounce  of  silver  to 
a  square  foot  of  the  plated  surface  answers  well  in  practice ;  the 
sheet  of  silver  under  these  circumstances  being  of  about  the 
thickness  of  ordinary  writing  paper.  The  solution  must  be  fre- 
quently stirred  in  order  to  preserve  the  liquid  of  uniform  density 
and  composition  throughout. 

The  batteries  used  at  Birmingham  for  gilding  and  silvering 
are  in  general  simply  plates  of  amalgamated  zinc  opposed  to 
plates  of  copper  in  diluted  sulphuric  acid :  the  plates  are  so  ar- 1 
ranged  that  tney  can  be  readily  raised  or  lowered  in  order  to  ex* ' 
pose  a  smaller  or  larger  surface  to  the  action  of  the  acid.  The 
superficial  area,  and  number  of  the  plates  used,  are  made  to  vary 
according  to  the  size  and  nature  of  the  objects  to  be  operated 
upon.  Tne  workman  judges  from  experience  as  to  the  number  of 
pairs  to  be  employed ;  it  seldom  happens  that  more  than  two  or 
three  pairs  of  plates  are  needed.  In  raris,  Bunsen's  carbon  and 
zinc  batteries  are  also  employed  with  success  in  these  operations. 

(296)  Elecbro-Gttding  and  Platvnizmg. — It  is  possible  to  gild 
most  of  the  ordinary  metals  by  voltaic  action.  Articles  which 
consist  of  brass,  bronze,  copper,  or  German  silver  are  first  an- 
nealed, then  pickled,  as  tne  operation  of  immersing  them  into  the 
mixture  of  diluted  nitric  and  sulphuric  acids  is  termed,  after 
which  they  are  scrubbed  and  "  dipped  "  in  strong  nitric  acid,  and 
then  rinsed  in  water,  as  is  practised  in  preparing  them  for  plat- 
ing. Silver  articles  are  cleansed  in  a  similar  manner,  but  they  do 
not  require  to  be  "  dipped."  Iron  and  steel  may  be  gilt  by  cleans- 
ing them  from  grease,  first  with  potash,  and  then  By  dipping  in 
nitric  acid,  and  scouring  the  surface  with  burnt  clay  finely  sifted, 
in  order  to  remove  the  black  stains  produced  by  the  liberation 
of  carbon.  A  more  powerful  current  is  required  for  gilding  upon 
iron  than  upon  the  metals  previously  mentioned. 

The  gilding  bath  most  usually  employed  consists  of  cyanide 
of  gold  dissolved  in  cyanide  of  potassium.  It  may  be  prepared 
by  dissolving  gold  in  aqua  regia,  and  adding  cyanide  of  potas- 
sium to  the  diluted  liquid  so  long  as  it  produces  a  precipitate ;  a 
brisk  effervescence  accompanies  the  action,  and  a  yellow  deposit 
of  protocyanide  of  gold  (AuCy)  is  formed :  the  clear  liquid  is  de- 
canted, and  the  precipitate  isVedissolved  in  a  solution  containing 
between  7  and  8  parts  of  the  cyanide  of  potassium  to  1  part  of 
gold :  the  solution  is  then  diluted  until  100  parts  of  the  liquid 
contain  1  part  of  gold. 

M.  Buolz  has  shown  that  various  other  gilding  baths  may  be 
used  instead  of  the  double  cyanide  of  golcl  and  potassium :  for 
example,  he  finds  that  the  cyanide  of  gold  may  be  employed 
when  brought  jnto  solution  by  the  ferrocyanide,  or  by  the  ferri- 

bisnlphide  requires  to  be  renewed  daily,  to  make  Tip  for  the  low  of  the  bisulphide  of 
carbon  by  eraporation.  Much  care  ia  required  in  tne  nse  of  such  a  solution,  for  it  is 
liable  to  changes  which  are  produoed  by  Tery  slight  modifications  in  the  mode  of 
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cyanide  of  potassium ;  he  has  also  used  with  success  the  double 
sulphite  of  sold  and  sodium,  the  solution  of  the  double  chloride 
or  iodide  of  gold  and  sodium  with  an  excess  of  soda,  and  even 
the  sulphide  of  gold  dissolved  in  a  solution  of  protosnlphide  of 
potassium. 

As  yet  the  deposition  of  platinum  by  voltaic  action  has  not  been 
practised  to  any  considerable  extent,  out  it  is  said  that  a  solution 
of  the  double  chloride  of  platinum  and  potassium  in  caustic 
potash  may  be  applied  to  this  purpose  with  tolerable  success. 

(297)  BeeemManoee  between  the  Electricity  of  the  Machine  and 
that  qf  the  Voltaic  Battery. — Notwithstanding  the  extremely 
brief  duration  of  the  discharge  from  the  electrical  machine,  it 
produces,  while  it  lasts,  phenomena  similar  to  those  of  the  voltaic 
current,  which,  indeed,  may  be  regarded  as  a  succession  of  dis- 
charges repeated  so  frequently  as  to  become  continuous.  By 
repeating  the  discharge  from  the  electrical  machine  many  times 
through  the  same  liquid  conductor,  Faraday  was  enabled  to  ob- 
tain true  electrolytic  decomposition.  The  following  simple  ex- 
periment may  be  adduced  as  an  illustration  of  this  fact : — Upon  a 
plate  of  class  place  a  small  piece  of  turmeric-paper,  moistened 
with  a  solution  of  iodide  of  potassium  which  has  been  mixed  with 
a  little  starch ;  upon  one  end  of  this  piece  of  paper  allow  the 
point  of  a  fine  platinum  wire  to  rest,  the  other  end  of  the  wire 
feeing  in  communication  with  the  prime  conductor  of  the  machine ; 
on  the  other  extremity  of  the  paper  place  a  similar  wire  in  corn*- 
munication  with  the  earth:  it  wilt  be  found  on  setting  the 
machine  in  action  that,  after  the  lapse  of  one  or  two  minutes,  a 
small  blue  spot  will  appear  round  the  point  of  the  wire  connected 
with  the  prime  conductor,  owing  to  the  liberationeof  iodine; 
while  round  the  wire  which  communicates  with  the  earth  a 
brown  spot  will  be  formed,  from  the  action  of  the  alkali  which  is 
set  free.  If  the  wires,  instead  of  being  connected  through  the 
medium  of  iodide  of  potassium  be  made  to  dip  into  a  drop  of  a 
solution  of  sulphate  of  copper,  metallic  copper  will  be  deposited 
on  the  wire  connected  with  the  earth,  and  oxygen  and  sulphuric 
acid  will  appear  on  the  other  wire.  If  a  piece  of  litmus  or 
turmeric-paper,  moistened  with  a  solution  of  sulphate  of  sodium^ 
be  supported  on  a  thread  of  glass  between  two  wires,  one  of 
which  proceeds  from  the  prime  conductor,  whilst  the  other  is  in 
communication  with  the  earth,  the  saline  solution  in  the  paper 
will  be  decomposed  by  the  electricity,  even  although  the  paper 
does  not  touch  either  of  the  wires :  the  litmus-paper  on  the  side 
towards  the  prime  conductor  will  gradually  be  reddened,  whilst 
the  turmeric-paper  will  be  turned  brown  at  the  extremity  which 
is  furthest  from  the  prime  conductor. 

The  quantity  of  electricity  which  js  required  to  produce 
chemical  decomposition  is  very  great.  The  fa<jt  is  strikingly 
illustrated  by  a  comparison  which  was  made  by  Faraday  between 
the  amount  of  electricity  which  is  developed  from  the  machine 
by  friction  and  that  which  is  furnished  by  the  chemical  action  of 
the  battery.     The  experiment  was  performed  in  the  following 
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manner : — A  wire  of  platinum  and  another  wire  of  zinc,  each 
Yf  of  an  inch  in  diameter,  were  immersed  y?  of  an  inch  apart,  to 
a  depth  of  £  of  an  inch  in  an  extremely  dilute  acid  liquid,  pre- 
pared by  adding  a  single  drop  of  oil  of  vitriol  to  four  ounces  of 
water.  The  current  obtained  from  this  combination,  at  a  tem- 
perature of  60°  F.,  was  transmitted  through  the  coil  of  a  galva- 
nometer consisting  of  18  feet  of  copper  wire  Ty  of  an  inch  thick. 
It  produced  in  about  three  seconds  as  great  a  deviation  of  the 
needle  as  was  obtained  by  the  electricity  famished  by  thirty  turns 
of  a  powerful  plate-machine  in  excellent  action.  This  quantity, 
if  concentrated  within  a  space  of  time  constituting  only  a  minute 
fraction  of  a  second,  by  discharging  it  in  a  single  flash  from  a 
Leyden  battery,  exposing  S500  square  inches  of  coated  surface, 
would  have  been  sufficient  to  kill  a  small  animal,  such  as  a  cat 
or  a  rat ;  but  the  chemical  action  upon  the  zinc  by  which  it  was 
produced  was  so  trifling  as  to  be  quite  inappreciable ;  and  it  is 
estimated  by  Faraday  that  not  less  than  800,000  discharges,  each 
equal  in  quantity  to  this,  would  be  required  for  the  decomposition 
of  a  single  grain  of  water  1  Extraordinary  as  this  estimate  ap- 
pears, it  has  been  amply  confirmed  by  later  experiments  of  Bec- 
querel  upon  this  subject ;  and  from  the  experiments  of  Weber, 
it  may  be  calculated  that,  if  the  whole  of  the  positive  electricity 
required  to  decompose  a  grain  of  water  were  accumulated  upon  a 
cloud  1000  metres  (8281  feet)  above  the  surface  of  the  earth,  the 
attractive  force  exerted  between  the  cloud  and  the  portion  of 
earth  beneath  it  would  be  equal  to  1497  tons ! 

(298)  Delude  Dry  Pile. — The  relation  between  the  electricity 
of  the  voltaic  battery  and  that  of  the  ordinary  electrical  machine 
admits  of  feeing  traced  in  an  interesting  manner  by  intermediate 
steps.  Deluc,  soon  after  the  discovery  of  the  voltaic  pile,  con- 
trived what  he  termed  the  dry  pile.  It  may  be  constructed  in 
the  following  manner : — Take  a  number  of  sheets  of  paper,  one 
surface  of  which  has  been  coated  with  gold  or  silver  leaf,  and 
paste  upon  the  coated  surface  a  sheet  of  zinc  foil ;  when  sufficient- 
ly dry,  place  several  of  these  sheets  of  paper  one  over  another, 
the  zinc  faces  all  being  arranged  in  one  direction ;  then  cut  out, 
with  a  punch,  a  number  of  circular  disks,  and  arrange  them  in  a 
glass  tube,  the  diameter  of  which  is  rather  greater  than  that  of 
the  circular  disks  of  paper,  to  the  number  of  2000  or  upwards, 
taking  care  that  all  the  zinc  surfaces  are  in  one  direction,  and  all 
the  silvered  or  gilt  surfaces  in  the  opposite  direction.  A  pile 
analogous  to  Yolta's  will  thus  be  obtained ;  and  if  these  disks  be 
pressed  together  and  connected  at  each  end  with  a  metallic  wire, 
such  a  pile  will  cause  divergence  of  the  leaves  of  the  gold-leaf 
electroscope  when  one  extremity  of  it  is  made  to  touch  the  cap 
of  the  instrument,  whilst  the  other  end  is  connected  with  the 
earth,  either  through  the  human  body  or  by  means  of  any  other 
conductor.  If  the  pile  be  reversed,  and  then  presented  to  the 
still  diverging  electroscope,  the  leaves  will  first  collapse,  and  will 
then  immediately  open  with  the  opposite  kind  of  electricity.  In- 
deed, if  the  wires  attached  to  the  two  extremities  of  the  pile  be 
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bent  round  and  made  each  to  terminate  in  a  small  metallic  disk, 
the  two  disks  being  placed  at  a  distance  of  about  an  inch  and  a 
half  from  each  other,  care  being  taken  to  maintain  their  insula- 
tion, an  insulated  slip  of  gold  leaf  suspended  midway  between  the 
two  disks  will  oscillate  backwards  and  forwards  between  them, 
if  an  impulse  be  first  given  to  it  towards  either  side : — suppose  it 
to  approach  the  positive  plate,  it  acquires  a  positive  charge ;  it 
is  then  repelled  from  the  positive  plate,  but  it  is  attracted  by  the 
negative  plate,  when  it  gives  up  its  positive  charge  and  becomes 
negatively  electrified,  in  which  state  it  is  again  attracted  by  the 
positive  plate ;  this  alternate  movement  of  the  gold  leaf  will  con- 
tinue uninterruptedly  for  months  or  even  years.*  With  a  dry 
pile,  which  contained  20,000  pairs,  or  disks,  of  zinc  and  silver 
paper,  sparks  have  been  obtained,  and  a  Leyden  battery  has  been 
charged  sufficiently  to  produce  shocks.  It  is  worthy  of  remark, 
that  these  actions  are  produced  in  Deluc's  column  only  when  the 
paper  contains  that  amount  of  moisture  which  is  found  in  it  under 
ordinary  circumstances,  and  which  is  considerable,  although  it 
usually  passes  unnoticed.  If  the  paper  be  artificially  dried,  the 
pile  loses  its  activity,  but  again  recovers  its  energy  as  the  paper 
reabsorbs  moisture  from  the  air.  Provided  that  the  two  extremi- 
ties of  the  pile  be  insulated  from  each  other,  it  will  retain  its  ac- 
tivity unimpaired  for  years ;  but  if  the  ends  be  permanently  con- 
nected by  means  of  a  good  conductor,  the  zinc  becomes  gradually 
oxidized,  and  the  electrical  effects  disappear. 

Zamboni  obtains  a  more  effective  instrument  by  substituting 
finely-powdered  peroxide  of  manganese  for  the  gold  or  silver  leal 
One  surface  of  the  paper  is  coated  with  zinc  or  tin-foil,  and  the 
coating  of  peroxide  may  be  given  to  the  other  surface  either  by 
rubbing  it  on  in  a  dry  state,  or  by  applying  it  in  admixture  with 
water  to  which  a  little  honey  has  been  added.  The  paper  disks 
are  arranged  in  a  column,  and  are  terminated  at  either  extremity 
by  a  metallic  plate.  These  metallic  plates  are  made  to  compress 
the  paper  disks  by  means  of  ligatures  of  silk  which  pass  from  end 
to  end  of  the  pile  and  bind  the  disks  firmly  together;  whilst 
effectual  insulation  is  provided  for  by  giving  the  pile  a  non-con- 
ducting coat  of  sulphur,  which  is  easily  applied  by  a  momentary 
immersion  of  the  whole  instrument  in  a  bath  of  melted  sulphur. 

(299)  Water  Battery.— It  has  been  already  stated  (259)  that 
even  with  a  single  pair  of  zinc  and  copper  plates  excited  by  di- 
luted acid,  polarization  and  electric  tension  may  be  proved  to 
precede  the  voltaic  current,  though  the  experiment  is  one  of  con- 
siderable delicacy.  These  effects  of  tension  are  strikingly  exhib- 
ited in  the  case  of  Deluc's  pile ;  but  they  may  be  shown  in  a 
manner  still  more  decided  by  employing  a  numerous  series  of 

*  Bohnenberger  has  contrived  an  extremely  sensitive  electroscope,  which  depends 
upon  a  modification  of  this  experiment  Midway  between  the  two  insulated  terminating 
disks  of  Deluc's  pile,  he  suspends  a  single  strip  of  gold  leaf  by  a  metallic  wire  from  an 
insulated  plate  of  metal ;  this  sold  leaf;  however,  is  not  near  enough  to  either  disk  to 
touch  it  If  a  body  with  the  feeblest  electrical  charge  is  made  to  touch  the  insulated 
plate,  the  gold  leaf  becomes  electric,  and  is  attracted  towards  the  oppositely  electrified 
pole  of  the  pile. 
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alternations  of  zinc  and  copper,  each  of  which  need  expose  only 
a  very  small  surface,  and  may  be  excited  simply  with  distilled 
water.  Such  an  arrangement  or  water  battery,  consisting  of  a 
thousand  couples,  produces,  if  insulated,  and  connected  at  each 
of  its  extremities  with  a  gold-leaf  electroscope,  considerable  di- 
vergence of  the  le&ves  of  each  instrument.  Such  a  battery  will 
communicate  a  charge  to  a  Leyden  battery :  this  charge,  though 
it  rises  only  to  a  stnall  extent,  may  be  renewed  and  discharged 
for  an  indefinite  number  of  times  in  very  rapid  succession.  The 
wire  which  is  connected  with  the  last  zinc  mate  of  this  battery  is 
negative,  whilst  that  which  is  attached  to  tne  copper  is  positive. 

Gassiot  {PkU.  Tram.,  1844,  p.  39)  has  given  an  account  of  a 
verp  powerful  and  carefully  constructed  water  battery,  from 
which  lie  obtains  results  of  great  interest.  This  battery  was  com- 
posed of  3520  pairs  of  copper  and  zinc  plates,  arranged  in  sepa- 
rate glass  vessels,  covered  with  a  coating  of  lac  varnish ;  the 
glass  cells  were  supported  on  slips  of  glass  thickly  coated  on  both 
sides  with  shell-lac,  and  these  glass  plates  were  insulated  on  var- 
nished oaken  boards,  each  board  being  further  insulated  by  rest- 
ing on  thick  plates  of  glass  similarly  varnished.  All  these  pre- 
cautions were  found  by  experience  to  be  necessary  in  order  to 
preserve  the  insulation.  TVnen  the  conducting  wires  of  this  bat- 
tery were  brought  within  TV  of  an  inch  of  each  other,  sparks  were 
obtained,  and  when  the  wires  were  made  to  terminate  in  brass 
disks  which  were  brought  very  near  each  other,  a  rapid  succession 
of  sparks  was  maintained,  which  on  one  occasion  continued  with- 
out interruption  for  five  weeks.  A  permanent  deflection  of  the 
Slvanometer  was  obtained  when  this  instrument  was  included  in 
e  circuit^hilst  the  sparks  were  passing ;  under  similar  circum- 
stances, paper  moistened  with  iodide  of  potassium  and  included 
in  the  circuity  speedily  gave  indications  of  the  chemical  decompo- 
sition of  the  iodide.  The  chemical  effects  produced  bv  the  water 
battery  are,  however,  always  feeble,  but  they  are  similar  in  kind 
and  in  direction  to  those  which  are  obtained  when  acids  are  em- 
ployed as  the  exciting  liquid  in  the  cells ;  and  the  principal  effect 
that  would  be  obtained  it  diluted  acid  .were  substituted  for  water 
in  such  a  combination  would  be  an  increase  in  the  quantity  of 
electricity,  by  increasing  the  consumption  of  zinc  and  the  chemi- 
cal action  in  each  cell  in  a  given  time.  The  intensity  of  the 
charge  would  be  increased  by  the  change  of  the  exciting  liquid, 
in  proportion  as  the  electro-motive  force  in  each  cell  was  aug- 
mented when  compared  with  the  resistance  offered  l?y  the  liquid 
employed  in  charging  the  battery.  Neither  in  the  water  battery 
nor  in  any  other  iorm  of  battery  is  the  intensity,  as  measured  by 
its  power  of  overcoming  resistance  to  conduction,  increased  by 
increasing  the  size  of  the  plates. 

It  thus  appears,  1.  That  by  voltaic  arrangements  electricity 
may  be  obtained,  exactly  similar  to  that  developed  by  the  com- 
mon machine,  in  its  effects  of  tension  and  induction  towards  sur- 
rounding objects,  in  the  polar  character  of  its  action,  and  in  the 
opposite  nature  of  the  electricities  accumulated  at  the  extremities 
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of  the  apparatus.  2.  That  the  quantity  of  electricity  obtained  by 
voltaic  action  is  almost  immeasurably  greater  than  that  procured 
by  friction ;  but  that  unless  its  intensity  be  exalted  by  using  & 
very  numerous  series,  it  does  not  pass  so  readily  through  non-con- 
ductors in  the  form  of  sparks,  as  the  electricity  of  the  common 
machine.  S.  That,  on  the  other  hand,  by  allowing  the  electricity 
of  the  machine  to  discharge  itself  gradually  through  very  smut 
masses  of  imperfect  liquid  conductors  which  are  susceptible  of 
electrolysis,  true  electrolytic  action  may  be  produced. 

The  identity  of  the  two  forces  under  these  different  degrees 
of  intensity  no  longer  admits  of  question :  in  the  voltaic  action 
the  quantity  is  great,  but  the  intensity  is  feeble ;  whilst  in  the 
electricity  of  the  machine  the  reverse  is  the  case,  the  intensity  is 
very  high,  whilst  the  quantity  is  extremely  small. 

§  IV.  Electro-Magnetism. 

(300)  Law  of  Electro-Magnetic  Action— Tangent  Galvanometer. 
— The  influence  of  an  electric  current  upon*  a  freely  suspended 
magnetic  needle  has  been  already  pointed  out  (253),  but  it  will 
be  needful  to  examine  the  nature  of  the  connexion  between  mag- 
netism and  electricity  somewhat  more  closely.  Mere  electricity 
of  tension,  or  electricity  in  a  state  of  rest,  has  no  influence  ujjon 
a  magnetized  bar.  It  is  only  when  the  electricity  is  in  motion 
that  this  magnetic  action  is  excited.    It  has  already  been  ex- 

Slained  (253)  that  the  direction  in  which  a  magnetic  needle  is 
eflected  depends  upon  the  direction  of  the  current ;  and  it  htf 
been  stated  that  when  the  needle  points  north  and  south,  and  a 
wire  is  placed  parallel  to  the  needle,  if  the  current  flow  from 
south  to  north  above  the  needle,  the  north  end  of  the  needle  will 
move  westward.  The  power  which  the  wire  exerts  upon  the 
needle  is  inversely  as  the  distance  of  the  wire  from  such  needle. 

(301)  For  measuring  the 
force  of  the  current,  galva- 
nometers of  varibus  forms 
have  been  employed.  When 
the  power  is  extremely  fee- 
ble, the  astatic  galvanometer 
(fig.  200,)  is  well  adapted  to 
the  purpose,  but  in  this  form 
the  value  of  the  angular  de- 
viation requires  to  be  experi- 
mentally determined  for  each 
instrument.  When  the  car- 
rent  has  a  greater  degree  of 
power  than  can  be  conveni- 
ently estimated  bv  the  ast* 
tic  combination,  tne  tasty** 
galvanometer  is  frequently 
employed.  This  instrument 
is  simple,  both  in  construction  and  in  principle.  .  {The  conductor, 
to,  fig.  229,  yftiicji  js  used  for  conveying*  the  ^cuijfent  round  th« 
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needle,  consists  of  a  single  eoil  of  thick  copper  wire,  bent  into  a 
circle  of  about  one  foot  in  diameter.  It  is  supported  vertically 
in  a  small  table,  t;  the  extremities  of  the  wire,  which  are  con- 
nected with  the  battery,  are  covered  with  silk,  and  pass  vertically 
downwards,  side  by  side,  close  to  each  other,  for  some  inches ; 
they  are  thus  situated  in  the  same  plane  as  the  coil,  and  in  the 
direction  of  a  prolongation  of  its  radius.  The  object  of  this  ar- 
rangement is  to  prevent  this  portion  of  the  wires  from  exerting 
any  influence  on  the  needle.  Within  the  circle,  w,  a  magnetic 
needle  about  an  inch  lona  is  suspended  by  fibres  of  unspun  silk, 
*.  over  a  copper  plate  graduated  to  degrees.  In  order  to  enable 
tne  movements  of  the  needle  to  admit  of  more  accurate  measure- 
ment, its  apparent  length  is  increased  by  fastening  a  piece  of  fine 
copper  wire  to  each  end.  This  arrangement  is  protected  from 
currents  of  air  by  means  of  a  glass  shade.  The  point  of  suspen- 
sion of  the  needle  is  made  to  coincide  accurately  with  the  centre 
of  the  circle  formed  by  the  conducting  wire :  at  a  is  a  screw  for 
raising  or  lowering  the  needle.  When  the  instrument  is  placed 
exactly  in  the  magnetic  meridian,  the  needle,  under  the  influence 
of  the  directive  action  of  the  earth's  magnetism,  assumes  a  posi- 
tion parallel  to  the  diameter  of  the  circle.  On  transmitting  the 
current  through  the  wire,  the  needle  receives  an  impulse  which, 
if  it  were  free  from  the  inductive  action  of  the  earth,  would  place 
it  exactly  at  right  angles  to  the  coil :  owing,  however,  to  the  in- 
fluence of  the  earth,  the  needle  is  unable  ever  really  to  assume 
this  position ;  but  it  takes  one  which  represents  the  resultant  of 
the  two  forces,  and  as  the  action  of  the  earth  may  be  assumed  to 
be  uniform,  the  measurement  of  the  angle  enables  the  force  of 
the  current  which  produces  the  deviation  to  be  calculated.  It 
may  be  demonstrated  that  the  force  of  the  current  is  proportioned 
to  the  tangent  of  the  angle  of  deviation.  This  instrument  cannot 
be  relied  on  for  angular  deviations  which  much  exceed  70°,  owing 
to  the  rapidly  diminishing  angular  deviation  produced  by  equal 
increments  in  the  force  of  the  current  when  the  deflection  has 
reached  this  extent ;  but  for  all  currents  which  produce  a  devia- 
tion of  smaller  amount,  it  affords  a  convenient  measure.  Other 
forms  of  galvanometer  have  been  contrived,  which  it  will  not  be 
necessary  to  describe  in  this  work. 

(302)  Influence  of  a  Conducting  Wire  in  exciting  Magnetism. 
— The  action  of  the  conducting  wire  upon  the  magnetic  needle  is 
not  interfered  with  by  interposing  a  sheet  of  glass  or  other  insu- 
lator of  electricity,  and  the  magnetic  influence  is  equally  trans- 
mitted, although  a  sheet  of  copper,  of  lead,  or  of  any  other  non- 
magnetic metallic  conductor  of  electricity  be  introduced  between 
the  needle  and  the  wire.  The  electric  current,  however,  produces 
no  divergence  of  the  leaves  of  an  electroscope  which  is  brought 
into  its  vicinity.  Not  only  does  a  wire  which  is  conveying  elec- 
tricity affect  a  needle  which  has  been  already  magnetized,  but 
the  conducting  wire  itself,  so  long  as  it  is  transmitting  the  elec- 
tric current,  displays  magnetic  properties.  If  a  thin  wire  of 
copper,  or  of  any  other  non-magnetic  metal,  be  employed  to  com- 
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plete  the  voltaic  circuity  each  a  wire  will,  for  the  time,  attract 
iron  filings ;  and  the  filings  will  be  arranged  in  a  layer  of  uniform 
thickness  around  the  whole  circumference  of  the  wire,  and  along 
its  whole  length.  The  moment  that  the  connexion  with  the  bat- 
tery is  broken,  the  magnetism  ceases,  and  the  filingB  fall  off;  but 
the  attractive  power  may  be  again  instantly  renewed  on  com- 
pleting the  circuit  The  iron  Alines  in  this  case  become  mag- 
nets, the  poles  of  which  are  arranged  alternately  north  and  south 
around  the  wire.  This  arrangement  may  be  better  understood 
by  reference  to  fig.  230,  in  which  if  w  be  supposed  to  represent 
a  section  of  the  wire  which  is  transmitting  a 
current  from  +  to  — ,  the  north  end  of  each 
fragment  of  iron  would  be  arranged ^s  repre- 
sented by  the  points,  n,  n,  of  the  arrows.  If 
short  wires  of  soft  iron  be  placed  in  the  direc- 
tion of  the  arrows  around  the  wire,  they  be- 
come temporary  magnets,  the  north  and  south 
poles  of  which  are  indicated  by  the  letters  n 
and  #.  If  pieces  of  steel  be  substituted  for  soft 
iron,  they  become  permanently  magnetic ;  all 
those  which  are  above  the  wire,  if  tne  current 
be  passing  in  the  direction  shown  in  the  figure,  will  have  their 
north  ends  to  the  left,  whilst  in  all  those  below,  the  north  ends 
will  be  to  the  right 

(308)  Formation  of  Electro-Magnets.— Vfe  see,  then,  that 
every  part  of  the  wire  along  which  a  current  is  passing  is  mag- 
netic. By  coiling  the  conducting  wire  into  a  ring,  a  larger  num- 
ber of  particles  is  brought  to  act  upon  a  piece  of  soft  iron  which 
is  passed  through  the  axis  of  the  ring  at  n^ht  angles  to  the  plane 
in  which  it  lies ;  and  by  coiling  up  the  wire  into  a  spiral  iorm, 
without  allowing  the  spires  to  touch  each  other,  and  Supporting 
them  upon  a  glass  tube,  the  action  of  a  very  considerable  length 
of  wire  may  be  concentrated  in  a  very  effective  manner  upon  the 
same  piece  of  soft  iron,  placed  as  at  c,  d,  fig.  231.  Very  power- 
ful temporary  magnets 
Fig.  231.  may  thus  be  obtained.  If 

ra    JB  the  wire  be  covered  with 

cotton,  or,  still  better,  with 
silk,  to  insulate  the  coils 
from  each  pther,  the  effects 
may  be  greatly  augmented 
by  winding  a  second  series 
oi  coils  upon  the  first,  and 
a  third  upon  the  second,  and  so  on,  till  six  or  seven  layers  of  wire 
are  coiled  around  the  bar  which  is  to  be  magnetized.  A  row  of 
coils  which  follows  the  direction  of  a  left-handed  screw  would 
neutralize  the  effect  produced  by  the  right-handed  spiral,  unless 
the  current  were  reversed  in  its  direction  as  it  passes  through 
such  a  coil,  as  a  glance  at  fig.  232  will  show,  where  a  represents 
a  right-handed  spiral,  b,  a  left-handed  spiral :  in  the  straight  por- 
tions of  the  wire,  the  current,  as  indicated  by  the  arrowB,  flows 
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in  the  same  direction  in  both ;  bat  it  is  reversed  in  the  spirals. 
Such  a  spiral  coil  of  wire  is  usually  termed  a  hdto.  In  prepar- 
ing an  electro-magnetic 
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coil  it  is  not  necessary, 
however,  that  the  wire 
be  coiled  in  one  direc- 
tion only,  if  the  wire  be 
continuous ;  for  instance, 
if  the  coils  follow  the 
direction  of  the  thread 
of  a  right-handed  screw 
in  the  first  layer,  as  in 
▲  b,  fig.  231,  the  wire  in 
winding  it  backwards 
from  b  to  a  will  be 
formed  into  a  left-hand- 
ed spiral,  but  this  fe  of  no  consequence,  because  the  direction  of 
the  current  is  also  reversed  in  this  layer,  being  now  from  b  to  a, 
bo  that  the  effect  of  the  reversed  twist  of  the  wire  is  neutralized. 

A  helix  through  which  an  electric  current  is  passing  is  nower- 
ftilly  magnetic ;  the  two  magnetic  forces  accumulating  at  its  op- 
posite extremities.  If  the  helix  be  supported  with  its  axis  in  a 
vertical  position,  and  a  bar  of  soft  iron  be  partially  introduced 
within  it,  as  soon  as  an  electric  current  of  sufficient  power  is 
transmitted  through  the  coils,  the  bar  will  start  up,  and  will  raise 
itself  in  mid-air  nearly  equidistant  between  the  two  extremities 
of  the  coil,  the  iron,  by  induction,  becoming  for  the  time  a  pow- 
erful magnet  the  poles  of  the  iron  bar  are  of  course  exactly  the 
reveTse  of  those  of  the  helix  by  which  its  magnetism  is  produced. 

The  most  powerful  electro-magnets,  however,  are  those  in 
which  the  iron  is  bent  into  the  form  of  a  horse-shoe,  and  around 
which  an  insulating  conducting  wire  is  coiled  in  several  layers, 
with  due  attention  to  the  direction  in  which  the  coils  are  ar- 
ranged. In  this  way  magnets  have  been  constructed  which  are 
able  to  sustain  a  weight  exceeding  that  of  a  ton.  The  magnetism 
developed  in  the  soft  iron,  under  the  influence  of  the  voltaic  cur- 
rent, attains  its  maximum  in  a  few  moments.  It  ceases  as  quick- 
ly, when  the  contact  of  the  wires  with  the  battery  is  broken ; 
and,  by  reversing  the  direction  of  the  current,  the  magnetic  po- 
larity of  the  bar  is  instantly  reversed. 

(304)  Molecular  Movements  during  the  Mametization  of 
Bare. — The  production  of  magnetism  in  a  bar  of  iron,  and  the 
cessation  of  magnetism,  are  both  attended  with  molecular  mo- 
tion, which  pervades  the  whole  mass  of  iron.  Joule  has  shown 
that  the  bar,  on  becoming  magnetic,  acquires  a  slight  increase  in 
length,  and  suddenly  contracts  to  its  former  dimensions  when  the 
magnetism  ceases,  the  elongation  of  the  bar  being  proportional  to 
the  square  of  the  intensity  of  the  magnetism  developed  within  it. 
It  has  been  observed  by  Guillemin,  that  if  an  iron  bar  be  sup- 
ported at  one  end  so  as  to  bend  by  its  own  weight,  it  becomes 
straightened  to  a  greater  or  less  extent  when  magnetized.    Wer- 
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theim  has  also  observed  that  the  co-efficient  of  the  elasticity  of 
both  iron  and  steel  is  diminished  by  magnetisation.  Each  time 
that  the  bar  either  becomes  magnetic  or  loses  its  magnetism,  a 
distinct  sound  is  emitted,  the  note  being  similar  to  that  elicited 
by  striking  one  end  of  the  bar  so  as  to  produce  vibrations  in  a 
longitudinal  direction.  The  molecular  movements,  if  repeated  in 
quick  succession  by  rapidly  making  and  breaking  contact  between 
the  ends  of  the  helix  and  the  wires  of  the  battery,  so  as  repeated- 
ly and  quickly  to  magnetize  and  demagnetize  the  bar,  produce 
an  elevation  of  temperature,  which.,  as  Grove  has  shown,  is  quite 
independent  of  the  neat  produced  in  the  conducting  wire  by  the 
current.  In  connexion  with  these  molecular  movements,  it  may 
be  noted  that  Wiedemann  finds  when  a  current  is  transmitted 
alongr  the  axi*  of  a  magnet,  the  magnet  suffers  a  slight  degree  of 
twisting. 

(305).  Laws  of  Eleotro-McLgneiiem. — According  to  the  re- 
searches of  Lenz  and  Jacobi,  it  appears  that  if  the  battery  cur- 
rent be  maintained  of  a  uniform  strength — 1.  That  the  magnet- 
ism which  is  induced  in  any  given  bar  is  directly  proportioned  to 
the  number  of  coils  which  act  upon  the  bar :  it  is  a  matter  of  in- 
difference whether  the  coils  be  uniformly  distributed  over  the 
whole  length  of  the  bar,  or  whether  they  be  accumulated  towards 
its  two  extremities.  2.  That  the  diameter  of  the  coils  which 
surround  the  bar  does  not  influence  the  result,  provided  that  the 
current  be  in  all  cases  of  uniform  strength ;  for  though  the  induc- 
tive influence  decreases  as  the  distance  of  the  magnet  from  the 
wire,  the  induction  produced  by  the  increased  length  of  the  wire 
in  the  circumference  of  the  coil  is  augmented  in  precisely  the 
same  proportion.  3.  That  the  thickness  of  the  wire  composing 
the  coil  does  not  influence  its  effect  upon  the  bar.  4.  That  the 
energy  of  the  magnetism  is,  cceteris  paribus,  proportioned  to  the 
strength  of  the  current,  being  directly  as  the  electro-motive  force 
and  inversely  as  the  resistances  of  the  circuit.*  5.  That  the  re- 
tentive power  of  the  magnet,  like  the  attractive  power  in  electri- 
city, increases  as  the  square  of  the  intensity  of  the  magnetism. 
6.  That  the  intensity  of  the  magnetism  induced  upon  a  solid  bar 
by  a  given  current  is  proportioned  to  the  surface  which  the  bar 
exposes ;  or  in  cylindrical  bars  it  is  as  the  square  of  the  weigh t.f 
Bundles  of  isolated  wires  expose  a  larger  surface  than  a  solid 
bar,  and  hence  they  are  susceptible  of  a  higher  amount  of  mag- 
netism than  a  solid  bar  of  equal  weight.  7.  That  the  employ- 
ment of  long  bars  has  no  other  advantage  over  the  use  of  short 


*  This  increase  of  power,  it  most  be  observed,  only  occurs  up  to  a  certain  point  as 
there  appears  to  be  a  limit  to  the  amount  of  magnetic  force  which  can  be  developed  in 
iron,  although  the  amount  of  electric  action  may  be  indefinitely  increased. 

f  Dub,  however,  confirms  the  observations  of  Muller,  which  give  a  different  result, 
viz.,  that  the  intensity  of  the  magnetism  in  cylindrical  bars  is,  for  equal  currents  in  coils 
of  equal  number,  proportioned  to  the  square  root  of  the  diameter  of  the  bar ;  the  mag- 
netism developed  in  a  bar  4  inches  thick  being  twice  as  powerful  as  that  produced  in  a 
bar  of  1  inch  in  thickness ;  so  that  the  reteniwe  power  is  directly  proportioned  to  the 
diameter  of  the  bars. 
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bars  than  that  of  removing  to  a  greater  distance  the  counteracting 
influence  of  the  two  magnetic  poles  upon  each  other. 

The  practical  question  in  preparing  an  electro-magnet  resolves 
itself  into  the  determination  of  the  thickness  and  length  of  the 
wires  which  are  required  to  produce  the  maximum  effect.  It  is 
obvious,  that  for  a  battery  of  a  given  power,  the  longer  the  wire 
which  is  employed,  the  greater  is  the  resistance  introduced,  so 
that  the  number  of  convolutions  practically  has  a  limit  beyond 
which  nothing  is  gained  by  increasing  them,  and  this  limit  is  at- 
tained when  the  increased  resistance  introduced  by  the  increasing 
length  of  the  wire  balances  the  gain  produced  by  the  influence  of 
the  additional  coils  upon  the  bar ;  the  greater  the  diameter  of  the 
coil,  the  longer,  of  course,  will  be  the  wire  required  to  form  it, 
and  the  greater  will  be  the  resistance  of  such  a  coil  in  proportion 
to  its  magnetizing  power.  Experience  shows,  that  in  order  to 
attain  the  most  economical  combination  in  the  battery  in  propor- 
tion to  the  quantity  of  materials  consumed,  when  magnetic  power 
is  required,  the  same  rule  must  be  followed  as  when  chemical  re- 
sistance has  to  be  overcome — viz.,  that  that  combination  is  the 
most  effective  in  which  the  resistance  of  the  wires  and  of  the 
coils  which  are  exterior  to  the  battery  is  equal  to  the  resistance 
of  the  liquids  and  other  materials  used  in  the  construction  of  the 


battery  itself,  or  when  in  Ohm's  Formula  (£&rr=A)  the  value  of 
A  most  nearly  approaches  0-5  ;  in  which  case  r—nR. 

(306)  Amptor&s  Theory  of  JPfafoo-Magnetitm.— It  will  be 
necessary  to  examine  somewhat  further  the  properties  of  a  spiral 
wire  which  is  conveying  a  current,  in  order  that  the  reader  may 
be  enabled  to  understand  the  theory  of  Ampdre,  by  which  he 
accounts  for  the  mutual  action  of  magnets  and  electric  currents. 
If  a  simple  helix,  which  for  lightness  may  be  made  of  thin  wire, 
be  freely  suspended,  it  will,  wmlst  conveying  the  current,  place 
itself  in  the  magnetic  meridian ;  that  is  to  say,  it  will  point  north 
and  south,  and  will  be  attracted  and  repelled  by  a  magnet  which 
is  presented  to  it,  just  as  an  ordinary  bar  magnet  would  be.  Fig. 
233  shows  a  method  of  suspending  the  helix,  or  electro-dynamic 
cylinder,  n  s,  so  as  to  exhibit  these  effects ;  the  wire,  0,  termin- 
ates in  a  small  hook,  which 
dips  into  a  cuj>  containing  Fl«*  *s*« 

mercury,  and  this  is  connect- 
ed with  one  of  the  wires  from 
a  small  voltaic  battery ;  the 
other  end,  ft,  of  the  coil  dips 
into  a  second  mercury  cup, 
which  is  in  communication 
with  the  other  wire  of  the 
battery  :  the  magnetism  cor- 
responding with  that  of  the 
north  end  of  the  needle  accu- 
mulates at  one  extremity  of 
the  coil;  whilst  the  opposite 
magnetism  accumulates  at  the  other  extremity :  this  effect  neces- 


Digitized  by  VjOOQIC 


466 


MUTUAL  ACTIOS  OF  VOLTAIC  OPBRRSTB. 


Fig.  234. 


aarily  follows  Aom  the  influence  of  each  coil  upon  its  neighbours, 
since  the  north  side  of  every  coil  is  in  one  direction,  whilst  the 
south  side  is  in  the  opposite.  Amp&re,  who  first  pointed  out  the 
remarkable  analogy  between  an  ordinary  magnet  and  the  helix 
when  conveying  an  electric  current,  has  deduced  from  it  a  theory 
of  the  connexion  between  magnetism  and  electricity  which  has 
satisfied,  hitherto,  the  rigorous  requirements  of  mathematical 
analysis,  and  has  also  explained  all  the  phenomena  of  electro- 
magnetism  that  have  as  yet  been  discovered.  Ampdre  assumes 
that ,  all  bodies  which  exhibit  magnetic  polarity,  derive  this 
polarity  from  currents  of  electricity  which  are  perpetually  circu- 
lating around  the  particles  of  which  the  magnetic  bodies  are  com- 
posed. Around  each  particle  an  electric  current  is  supposed  con- 
tinually to  circulate ;  the  direction  of  these  currents  is  supposed 
to  be  uniform,  each  current  circulating  in  a  plane  at  right  angles 
to  the  axis  of  the  magnetic  power.  In  fig.  234,  the  currents  are 
shown  as  at  a,  ft,  c,  circulating  in  a  uni- 
form direction  around  the  particles  of  a 
bar  magnet,  of  which  the  south  pole,  s,  is 
nearest  the  observer.  The  resultant  effect 
of  these  united  and  concordant  small  cur- 
rents would  be  equivalent  to  that  produced 
by  a  single  current  winding  in  a  spiral 
direction  uniformly  around  the  bar  wnich 
would  occppy  the  axis  of  such  a  spiral. 
In  an  ordinary  magnetic  needle,  which  is 
pointing  north  and  south,  currents  would 
ascend  on  the  western  side  and  descend  on 
the  eastern.  No  definite  proof  of  the  existence  of  these  currents 
can  be  given,  nor  can  a  reason  for  the  persistence  of  such  cur- 
rents in  permanent  magnets  be  assigned ;  but  granting  that  such 
currents  do  exist,  all  the  mutual  actions  between  wires  which 
convey  currents  and  permanent  magnets  follow  as  a  matter  of 
necessity. 

{^QTsMutual  Influence  of  Wires  which  are  conveying  Out- 
rente. — We  proceed  to  point  out  one  or  two  of  these  conse- 
quences.   When  two  wires  are  freely  suspended  near  each  other, 

and  electrical  currents 
are  transmitted  through 
them,  the  wires  will  be 
mutually  repulsive  if  the 
currents  pass  in  oppo- 
site directions,  but  they 
will  attract  each  other  if 
the  currents  be  in  the 
same  direction,  fig. 
235  will  explain  the  rea- 
son. When  the  currents 
are  in  opposite  directions 
(No.  1),  the  magnetism  on  one  side  of  the  wires  is  exactly  similar 
to  that  in  the  contiguous  side  of  the  second  wire,  as  indicated  by 
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the  arrows  arranged  around  p  and  n.  The  two  north  poles  and 
the  two  south  poles  consequently  repel  each  other:  whereas 
when  the  current  is  passing  through  the  two  wires  in  the  same 
direction,  as  shown  in  No.  2,  the  effects  are  exactly  reversed ; 
attraction  follows,  and  if  the  wires  be  freely  suspended,  as  in 
Snow  Harris's  arrangement,  represented  in  ng.  236,  they  will 
place  themselves  parallel  to  each  other. 
Three  concentric  troughs  containing  mer-  Fig.  286. 

cury  are  arranged  on  a  6mall  stand  ;  the 
current  passes  from  one  of  the  wires  of 
the  battery  to  the  central  trough,  returns  . . 
by  the  inner  loop  of  wire  to  the  second  ff 
trough,  and  by  the  outer  loop  is  trans- 
mitted to  the  exterior  trough,  which  is  in 
communication  with  the  other  wire  from 
the  battery.  This  attraction  between 
currents  which  are  passing  in  the  same 
direction  may  be  rendered  evident  in  the 
contiguous  coils  of  a  helix:  from  this 
cause,  a  helix  formed  of  a  slender  harp- 
sichord wire  shortens  itself  when  the  current  is  transmitted,  but 
recovers  its  former  dimensions  when  the  current  is  intermitted. 
Now  if  it  be  granted  that  in  every  bar  magnet  electrical  currents 
are  perpetually  circulating  around  the  particles  of  which  it  is 
composed,  in  a  direction  at  right  angles 
to  a  line  joining  the  magnetic  poles,  we 
have  in  the  foregoing  experiments  an  ex- 
planation of  the  tendency  of  a  magnet 
to  place  itself  across  a  wire  which  is  con- 
veying an  electric  current,  since,  by 
such  a  movement,  the  currents  in  the 
magnet  and  in  the  wire  assume  a  direc- 
tion parallel  to  each  other.  Let  p  q  (fig. 
237),  represent  a  wire  conveying  an  elec- 
tric current  in  the  direction  of  the  arrow ; 

k  will  indicate  the  north  end  of  a  magnet  in  which  the  currents 
supposed  to  circulate  around  its  particles  would  be  parallel  to 
the  current  in  the  wire  p  q. 
If  the  magnet  be' station- 
ary whilst  the  wire  is  move- 
able, the  wire  will  place  itself 
at  right  angles  to  the  magnet. 
In  fig.  238,  a  plate  of  zinc,  z, 
is  represented  as  connected  by 
a  loop  of  wire  with  the  copper 
plate  o;  both  are  suspended 
in  a  tube  containing  diluted 
add,  and  the  little  battery  is 
made  to  float  in  a  vessel  of 
water  by  the  aid  of  a  piece  of 
cork,  p.    If  the  north  end  of 
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a  magnet,  a,  be  presented  towards  the  loop  in  the  direction 
shown  in  the  cut,  the  wire  will  be  attracted,  and  will  place  itself 
midway  between  the  two  extremities  of  the  magnet ;  bnt  if  the 
south  end  be  presented,  the  wire  will  be  repelled ;  the  little  float- 
ing combination  will  turn  half  round  so  as  to  reverse  its  direc- 
tion, and  then  will  be  attracted. 

Motion  is  also  produced  in  a  wire  which  conveys  a  current,  if 
it  be  suspended  perpendicularly  between  the  two  poles  of  a  horse- 
shoe magnet  placed  upon  its  side,  the  lower  extremity  of  the  wire 
dipping  into  a  trough  of  mercury  connected  with  one  wire  of  the 
battery,  whilst  it  rests  by  a  hoolc  at  its  upper  end  upon  a  metal- 
lic arm  which  is  in  communication  with  the  other  wire  of  the  bat- 
tery ;  according  to  the  direction  in  which  the  current  is  passing, 
the  suspended  wire  will  be  either  attracted  or  repelled,  by  the 
simultaneous  action  of  the  two  poles  of  the  magnet  on  the  oppo- 
site magnetism  of  the  two  sides  of  the  wire ;  the  lower  end  will 
be  thrown  out  of  the  trough  of  mercury ;  this  movement  will 
break  the  connexion  with  the  battery,  and  the  wire  will  then 
cease  to  be  acted  upon  by  the  magnet  until  it  falls  back  again 
into  the  mercury ;  the  battery  contact  is  by  this  means  renewed, 
and  the  same  series  of  motions  is  repeated.  A  spur  wheel  or 
star,  if  substituted  for  the  wire,  may  in  this  manner  be  kept  in 
continual  revolution ;  for  as  one  radius  is  thrown  out,  another 
enters  the  mercury,  and  thus  renews  the  connexion  with  the 
battery,  till  it  in  its  turn  makes  way  for  another.  . 

(308)  Electro-Magnetic  Reflations. — The  movements  juBt  de- 
scribed are  not  the  only  ones  which  the  magnet  and  the  wire  pro- 
duce on  each  other.  If  the  action  of  the  electric  current  be 
limited  to  a  single  pole  of  the  magnet,  a  continuous  rotation  of 
the  pole  round  the  connecting  wire  may  be  obtained ;  or  if  the 
magnet  be  fixed  whilst  the  wire  is  moveable,  the  wire  will  re- 
volve around  the  magnet 

Faraday,. by  whom  these  rotations  were  first  investigated,  was 
led  to  their  discovery  by  observing  the  manner  in  which  a  voltaic 
current  acts  upon  a  magnetic  needle  which  is  moved  in  its  vicin- 
ity. If  the  conducting  wire  be  placed  perpendicularly,  and  a 
needle  poised  horizohtally  at  its  centre  be  made  gradually  to  ap- 
proach the  wire  on  one  side,  each  pole  of  the  needle  is  first  at- 
tracted, and  on  continuing  the  movement  across  the  wire,  is  then 
repelled  by  the  wire ;  on  the  other  side  of  the  wire  the  needle  is 
repelled  where  it  was  previously  attracted.  The  points  indicated 
in  fig.  239  by  the  letters  a  a,. represent  the  positions  of  the  wire 

when  it  produced  attraction;  b 
na  289'       ,— -x  *>  t^10fle  ln  which  it  occasioned 

repulsion :  at  the  points  s  and  n 
midway  between  a  and  b,  the 
needle  is  neither  attracted  nor 
repelled.  From  these  results 
Faraday  concluded  that  each  pole  has  a  tendency  to  revolve 
round  the  wire,  and  therefore  that  the  wire  had  a  similar  ten- 
dency to  revolve  round  the  poles ;  the  revolution  of  the  north 
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end  of  the  needle,  it  was  expected,  would  be  in  &  direction  the 
reverse  of  that  assumed  by  the  south  end.  Experiment  complete- 
ly verified  these  expectations.  The  facts  admit  of  being  shown 
in  a  variety  of  forms. 

No.  1,  fig.  240,  shows  an  arrangement  by  which  the  magnet 
may  be  made  to  revolve 

around  the  fixed  wire,  Fl°-  24°- 

a  &;//are  the  north 
ends  of  two  bar  mag- 
nets, which  are  united 
below,  and  terminate  in 
a  pivot,  g ;  this  pivot 
works  npon  a  hard  steel 
plate  in  the  board,  a  b  : 
e  d  is  a  wooden  ring 
which  contains  mercu- 


ry 


and  is  in  metallic 


communication  with 
the  cup,  e.  At  the  cen- 
tre of  each  of  the  mag- 
nets is  a  small  brass 
hook  which  dips  into 
the    mercury   of    the  a  a 

trough,  c  dy  for  convey- 
ing the  current  transmitted  through  the  wire,  a  J,  which  is  sup- 
ported by  the  arm  o.  As  soon  as  the  connexion  of  the  cups  a 
and  e  is  made  with  the  battery,  the  magnet  begins  to  rotate 
around  the  wire,  a  J,  and  continues  to  do  so  as  long  as  the  cur- 
rent passes ;  if  the  direction  of  the  current  be  reversed,  the  direc- 
tion of  the  rotation  is  reversed  likewise.  No.  2  is  a  similar  ar- 
rangement for  showing  the  rotation  of  the  wire,  g  h,  around  the 
norm  end  of  the  magnet,  a  b ;  the  current  enters  at  the  cup,/, 
divides  itself,  and  passes  down  g  and  h  into  the  ring,  o  d,  which 
contains  mercury,  and  is  supported  above  the  board,  o  d,  by  the 
stand,  a  b  ;  the  circuit  is  completed  by  means  of  the  cup  e :  re- 
versal of  the  current  reverses  the  direction  of  the  rotation.  If  the 
current  descend  in  the  wire  around  the  north  end  of  the  magnet, 
the  direction  of  the  rotation  is  the  same  as  that  of  the  hands  of  a 
watch  lying  with  the  face  upwards.  The  current  may  be  trans- 
mitted through  the  upper  half  of  the  magnet  itself,  and  if  deli- 
cately poised,  the  bar  may  thus  be  made  to  rotate  rapidly  upon 
its  own  axis.  These  rotations  may  also  be  exhibited  bv  liquid 
and  by  gaseous  conductors ;  if  the  wires  from  a  powerful  voltaic 
battery  oe  made  to  dip  into  mercury,  the  mercury  over  the  point 
where  the  wires  terminate  will  rotate  rapidly  if  a  magnet  be  neld 
above  or  below  the  spot.  The  flame  of  the  voltaic  arc  revolves 
with  equal  regularity  and  distinctness  under  magnetic  influence ; 
thus  by  making  a  powerful  hoTse-shoe  magnet  a  part  of  the  cir- 
cuit, and  transmitting  the  current  through  tho  magnet  itself,  the 
voltaic  arc  of  flame  which  may  be  drawn  from  one  of  its  poles 
will  rotate  in  the  opposite  direction  to  the  flame  which  may  be 
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Fie.  241. 


drawn  from  the  other  pole.  This  magnetic  rotation  of  the  elec- 
tric discharge  is  also  well  exhibited  when  the  induced  current  of 
Kuhmkorfrs  coil  is  transmitted  through  an  exhausted  globe  im- 
mediately over  the  pole  of  an  electro-magnet,  the  direction  of  the 
rotation  being  reversed  with  each  reversal  of  the  magnetism. 
— (De  La  Rive,  Electricity,  Walker's  Translation,  YoL  ii. 
p.  308.) 

A  beautiful  proof  of  the  magnetic  condition  of  the  liquid  part 
of  the  circuit  so  long  as  the  current  is  passing,  is  exhibited  by  the 
rotation  of  the  battery  itself,  in  obedience  to  the  action  of  a  mag- 
net ;  the  experiment  may  be  made  as  follows : — Let  a  double 
cylinder  of  copper,  shown  in  section  at  o,  fig.  241,  of  about  two 
inches  in  diameter  and  three  inches  high,  be  formed 
into  a  cell  capable  of  containing  liquid,  and  be  sap- 
ported  by  a  point  attached  to  a  connecting  strip  of 
copper,  over  one  end  of  a  bar  magnet ;  let  a  cylin- 
der of  zinc,  z,  be  supported  on  a  second  point  in 
metallic  communication  with  the  copper :  as  soon 
as  a  little  diluted  acid  is  poured  into  the  cell,  the 
zinc  will  begin  to  revolve  around  the  magnet  in 
one  direction,  while  the  copper  rotates  in  the  oppo- 
site ;  the  current  is  ascending  in  the  copper,  wmlst 
in  the  zinc  it  is  descending  around  the  same  mag- 
netic pole }  round  the  norm  end  of  the  magnet,  the 
cylinder  of  zinc  will  move  in  the  same  direction  as 
tne  hands  of  a  watch  which  is  lying  with  its  face 
upwards. 

Ampere  has  explained  these  rotations  by  means 
of  the  theory  to  which  allusion  has  already  been 
made;  but  it  will  not  be  needful  to  pursue  this 
part  of  the  subject  further. 

(309)  Electric  Telegraph. — The  most  important  and  remark- 
able of  the  uses  which  have  been  made  of  electricity,  consists  in 
its  application  to  telegraphic  purposes ;  an  application  which  has 
not  only  brought  distant  towns  upon  the  same  island  or  continent 
within  the  means  of  instantaneous  communication  with  each 


other,  but  which  has  spanned  the  seas,  and  placed  an  insular  me- 

_  olis  like  London  within  momentary  reach  of  the  d 
tals  of  the  continent. 


tropol 


i  distant  eapi- 


It  would  be  impossible  in  a  work  like  the  present,  to  give 
even  a  sketch  of  the  numberless  modifications  and  improvements 
in  the  apparatus  which  have  been  suggested  or  practised  for  car- 
rying out  telegraphic  communications  by  means  of  electricity, 
since  the  year  1837,  which  is  memorable  as  the  period  at  which 
Cooke  and  Wheatstone  took  cynt  their  first  patent  for  electric 
telegraphing,  and  proved  to  the  world  the  possibility  of  trans- 
mitting ana  receiving  signals  produced  by  electricity,  with  facili- 
ty- and  with  certainty  through  insulating  wires  of  great  length. 
On  the  present  occasion,  an  outline  of  the  essentiaf  parts  of  the 
telegraphic  system  which  is  generally  adopted  in  this  country  is 
all  tnat  can  be  attempted. 
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The  electric  telegraph  may  be  regarded  as  consisting  of  three 
parts — viz. :  1.  The  Battery,  or  source  of  electric  power.  2.  The 
line,  or  the  means  of  transmitting  the  signals.  3.  The  telegraphic 
indicator,  or  instrument  for  exhibiting  the  signals. 

1.  The  Batterv. — The  apparatus  for  proancing  the  signals  is 
simply  a  voltaic  battery,  any  form  of  which  may  be  used ;  but 
the  one  commonly  employed  consists  of  a  series  of  alternate  pairs 
of  copper  and  amalgamated  zinc  plates  arranged  in  wooden 
troughs,  sub-divided  into  compartments,  similar  to  those  used 
with  Smee's  battery  (fig.  213).  These  compartments,  after  the 
plates  have  been  introduced,  are  filled  with  sand,  which  is  then 
moistened  with  diluted  sulphuric  acid.  In  this  form  of  instru- 
ment the  risk  of  leakage  is  diminished  and  the  amount  of  evapo- 
ration is  lessened :  the  charge  requires  renewing  once  in  ten  days 
or  a  fortnight,  according  to  the  frequency  with,  which  the  tele- 
graph is  used.  Another  form  of  battery  which  has  been  found  to 
be  effective  for  a  long  period,  consists  of  plates  of  amalgamated 
zinc,  and  gas  coke,  excited  by  solid  sulphate  of  mercury  moist- 
ened with  water ;  they  are  arranged  in  compartments,  similar  to 
those  used  for  the  moistened  sand. 

2.  The  Line. — The  conducting  wire  was  formerly  made  of 
copper,  but  is  now  generally  made  of  iron  wire  about  one-third 
of  an  inch  thick,  coated  with  zinc,  to  protect  it  from  oxidation. 
For  the  purpose  of  insulation  this  wire  is  supported  upon  wooden 
posts,  which  are  firmly  sunk  into  the  earth,  and  which  are  kept 
dry  at  the  upper  extremity  by  means  of  a  cap  or  case  of  wood, 
of  fourteen  or  sixteen  inches  long,  between  the  sides  of  which  and 
the  post  is  an  interval  of 'air.  To  the  sides  of  this  cap  short  tubes 
of  porcelain,  or  supports  of  glass,  are  attached,  and  through  these 
insulating  tubes  the  wire  passes.  Suppose  that  a  message  is  to 
be  transmitted  from  London  to  Manchester ;  a  continuous  insu- 
lated conducting  wire  must  extend  between  the  instrument  or  bat- 
tery in  London  and  the  instrument  at  Manchester  which  is  to  re- 
ceive the  signals,  and  there  must  also  be  a  continuous  conducting 
communication  to  complete  the  circuit  between  Manchester  ana 
London.  This  return  conductor  may  consist  of  a  second  metallic 
wire  which  must  be  insulated  from  the  earth  and  from  the  first 
wire,  though  it  may  be  suspended  from  the  same  posts  side  by 
side  with  the  first.  The  earlier  telegraphic  lines  were  all  made 
in  this  way. 

It  was,  however,  discovered  by  Steinheil  that  the  second  me- 
tallic wire  may  be  dispensed  with,  and  that  the  earth  itself  may 
be  employed  as  the  conductor  for  completing  the  return  commu- 
nication between  the  two  distant  stations.  The  possibility  of  do- 
ing this  arises  from  the  law  of  conduction  in  solids — viz.,  that  the 
conducting  power  increases  in  proportion  to  the  area  of  the  sec- 
tion of  the  conductor.  The  earth  as  a  conductor  of  electricity  is 
many  thousand  times  inferior  in  power  to  any  of  the  metals,  if 
columns  of  each  metal  and  of  the  earth  of  equal  diameter  be 
compared.  But  it  is  possible  to  multiply  indefinitely  the  area 
of  the  conducting  portion  of  the  earth  between  the  two  stations, 


and  thus  a  line  of  communication  may  be  obtained  which  actually 
offers  a  smaller  amount  of  resistance  than  the  metallic  part  of 
the  circuit.  In  practice  all  that  is  found  necessary,  in  order  to 
take  advantage  of  this  conducting  power  of  the  earth,  and  to  sub- 
stitute it  for  the  return  wire  of  the  telegraph,  consists  in  leading 
a*  wire  from  the  telegraphic  apparatus  at  one  end,  into  the  earth, 
the  wire  being  attached  to  a  plate  of  copper  which  exposes 
several  square  feet  of  surface,  ana  this  copper  plate  is  buried  in 
the  ground,  as  represented  at  p  (figs.  242,  243,  244).  By  in- 
creasing the  size  of  this  plate,  any  extent  of  surface  of  contact 
with  the  earth  may  be  obtained,  and  thus  the  intrinsic  inferiority 
of  the  earth  to  the  metals  as  regards  its  conducting  power  is  more 
than  compensated  for. 

The  general  plan  of  this  arrangement  will  be  understood  from 
fig.  242,  m  which  u  and  i  represent  two  telegraphic  instruments* 

Fig.  242. 


one  stationed,  we  will  suppose,  in  Manchester,  the  other  in  Lon- 
don, l  is  the  metallic  line  or  wire  of  communication  which  con- 
nects the  stations ;  e  is  the  earth ;  and  p,  q,  copper  plates  at- 
tached to  wires,  one  of  which  proceeds  from  each  instrument. 
Suppose,  for  example,  a  message  to  be  in  the  act  of  transmission 
from  i,  the  instrument  in  London,  to  m,  the  instrument  in  Man- 
Chester ;  if  o  z  represent  the  battery  at  the  London  station,  the 
current  will  take  the  course  indicated  by  the  arrows ;  it  will  pass 
from  o  to  a  wire  connected  with  the  earth  plate,  p,  thence  it  will 
pass  through  the  200  miles  of  earth  between  the  two  cities ;  at  Q 
it  will  be  taken  up  again,  and  be  transmitted  by  the  wire  to  the 
instrument,  h,  thence  it  will  be  conveyed  along  the  metallic  wire, 
l,  and  back  again  to  London,  where  it  will  pass  through  the  in- 
strument, i,  and  so  return  to  the  end,  z,  of  the  battery. 

When  it  is  impossible  to  insulate  the  conducting  wire  by 
supporting  it  in  the  air  on  posts,  the  whole  length  of  the  wire  re- 
quires to  be  covered  with  an  insulating  material.  Caoutchouc 
and  gutta-percha  are  found  to  be  well  adapted  to  this  purpose. 
In  this  case  it  is  usual  to  substitute  copper  wires  for  the  iron  ones, 
as  owing  to  the  superior  conducting  power  of  copper,  a  wire  of 
much  smaller  diameter  can  be  employed  without  adding  to  the 
resistance,  and  a  saying  of  space  and  of  insulating  material  is 
thus  effected.    The  wires^  after  having  been  covered  with  a  coat- 
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ing  of  gutta-percha  about  -J-  of  an  inch  thick,  may  be  inclosed 
eitrer  singly,  or  several  of  them  side  by  side,  in  iron  tubing,  to 
protect  them  from  mechanical  injury;  they  are  then  placed 
under  ground,  in  the  same  manner  as  pipes  for  the  conveyance 
of  gas  or  water.  In  the  sub-marine  telegraphs,  copper  wires 
coated  with  gutta-percha  are  carefully  arranged  round  a  central 
rope  of  tarred  hemp  into  a  compound  rope,  which  contains  sever- 
al strands  of  conducting  wire ;  the  whole  is  protected  by  enclosing 
it  in  a  flexible  metalho  covering,  formed  by  carefully  twisting 
several  iron  wires  around  the  compound  conducting  rope  already 
described ;  the  exterior  is  often  further  protected  by  an  outer 
covering  of  tarred  hemp  or  other  analogous  material.  The  cable 
having  been  previously  coiled  up  in  the  hold  of  a  vessel,  and  one 
of  its  extremities  having  been  properly  secured  upon  the  shore,  it 
is  carefully  lowered  into  the  sea ;  from  its  weight,  the  electric 
rope  at  once  sinks  to  the  bottom  as  it  is  gradually  paid  out  over 
the  ship's  side.  When  the  opposite  shore  is  safely  gained,  the 
extremities  of  the  conducting  wire  are  connected  on  either  side 
with  other  wires  which  are  in  communication  with  the  telegraphic 
apparatus,  and  the  signals  can  be  at  once  transmitted. 

In  cases  in  which  the  wires  are  insulated  with  gutta-percha, 
and  are  then  encased  in  irou  tubes,  or  sank  beneath  a  body  of 
water,  it  has  been  observed  that  if  the  wire  be  connected  with  the 
battery,  the  signal  is  not  instantaneously  transmitted  to  the  op- 
posite extremity ;  and  that  if  the  battery  contact  be  broken,  there 
is  not  an  instantaneous  cessation- of  electric  action  at  the  distant 
point. 

Faraday  (Phil.  Mag.,  March,  1854)  has- shown  that  this  retar- 
dation is  produced  by  the  action  of  the  current  upon  the  gutta- 
percha insulator.  The  insulated  wire,  in  fact,  forms  a  Leyden 
•  jar ;  the  gutta-percha  is  the  dielectric ;  the  wire  within  forms 
the  inner  coating,  and  the  iron  tube,  or  water  of  the  ocean  which 
surrounds  it,  forms  the  exterior  coating.  The  time  lost  at  first  is 
that  which  is  expended  in  giving  to  the  gutta-percha  its  charge ; 
and  the  current  which  is  observed  to  continue  for  a  short  time 
after  the  wire  has  been  disconnected  with  the  battery,  is  produced 
by  the  gradual  discharge  of  the  electricity  which  had  been  com- 
municated by  lateral  induction  to  the  gutta-percha :  the  gutta- 
percha in  this  case  becomes  polarized,  just  in  the  same  maimer  as 
the  glass  of  an  ordinary  Leyden  jar.  when  the  wires  are  sus- 
pended in  air,  no  retardation  of  this  kind  is  observed ;  and  no 
after  current  is  perceived.  The  gutta-percha  in  such  a  case  can- 
not assume  the  polarized  condition,  owing  to  the  absence  of  any 
conducting  communication  with  its  external  surface,  by  which 
the  induced  electricity  could  be  carried  off. 

Supposing  that  the  line  of  communication  has  been  estab- 
lished, we  have  now  to  consider : — 

3.  The  Instrument  far  Exhibiting  the  Signal*. — The  indica- 
tor, or  instrument  by  which  the  signals  are  exhibited,  is  essen- 
tially a  galvanometer,  in  which  the  astatic  needles  are  suspended 
vertically,  instead  of  being  placed  in  a  horizontal  direction*    A 
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side  view  of  the  coil  is  shown  at  o,  fig.  243.  One  of  the  needles 
is  shown  vertically  suspended  within  it ;  the  other  needle,  n  *,  is 
represented  in  front  of  the  dial-plate,  f  t, 
of  the  instrument.  The  needles  are  slight- 
ly heavier  at  their  lower  extremities  than 
at  their  upper  ones,  in  order  that  when 
disturbed  irom  the  vertical  line,  they  may 
again  resume  it  when  the  disturbing  force 
ceases  to  act.  The  motions  of  the  needle 
to  the  right  or  to  the  left  are  limited  by  * 
little  ivory  stud,  which  projects  on  either 
side  from  the  face  of  the  dial :  loss  of  time, 
which  would  otherwise  be  occasioned  by 
the  unnecessary  length  of  the  oscillations 
of  the  needle,  is  thus  prevented,  l  and  p 
are  the  wires  which  communicate  witji  the 
distant  station ;  o  z  is  the  battery ;  h  is 
the  handle  by  which  the  instrument  is 
worked.  Fig.  244  is  intended  to  illustrate 
the  principle  upon  which  such  an  instru- 
ment is  made  to  exhibit  the  signals ;  the 
details  of  its  construction  have  been  slightly  modified  in  the 
diagrams,  in  order  that  the  course  of  the  electric  current  may  be 
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more  clearly  traced.  No.  1  represents  a  back  view  of  the  essen- 
tial parts  of  the  instrument,  when  at  rest  and  in  a  position  to  re- 
ceive a  message  from  the  distant  extremity.  In  this  position, 
supposing  the  current  to  originate  from  the  distant  battery,  and 
to  enter  the  galvanometer  o  by  the  wire  l,  it  will  pass  through  the 
coil,  will  make  its  exit  by  the  wire  upon  the  right  hand,  which  is 
attached  to  the  metallic  spring  t ;  thence  it  will  pass  along  the 
brass  crosspiece,  d,  into  the  metallic  spring,  v,  and  complete  the 
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011*01111  through  the  wire  attached  to  the  plate  p  and  the  earth  e, 
by  which  it  is  returned  to  the  distant  station.  The  battery  shown 
at  o  z  is  inactive  during  the  whole  of  this  stage :  the  wires  which 
prpceed  from  its  two  extremities  are  attached  to  insulated  pieces 
of  brass  at  either  end  of  the  vertical  pieCe  which  is  connected 
with  d.  No  current  therefore  can  in  this  position  be  transmitted 
from  this  battery,  since  the  wire  proceeding  from  o  is  completely 
insulated.  But  suppose  it  be  desired  to  transmit  a  signal  from 
this  instrument  to  the  distant  station  : — bv  means  of  the  handle  h 
(fig.  243),  the  piece  to  which  d  is  attached  can  be  pressed  against 
one  of  the  springs  at  t  (fig.  244,  2),  whilst  its  lower  extremity  by 
the  same  movement  is  pressed  against  the  other  spring  v ;  the 
current  now  passes  from  the  battery  in  the  direction  shown  by 
the  arrows.  From  o  it  proceeds  to  v,  thence,  through  the  wire 
attached  to  p,  into  the  earth ;  then,  through  the  distant  station, 
where  the  instrument  is  arranged  for  receiving  the  signals,  as  in 
No.  1,  and  it  then  produces  a  deflection  of  its  needle.  Thence 
the  current  returns. by  l  to  the  galvanometer  coil  g,  and  then  de- 
flects the  needle,  returns  through  the  wire  attached  to  the  spring 
£,  and  by  the  metallic  piece  d  completes  the  circuit  through  the 
wire  attached  to  z. 

It  is  obvious  that  by  reversing  the  movement  given  to  the 
handle  h,  the  direction  of  the  current  and  the  motion  of  the 
needles  in  the  coil  will  be  reversed  both  in  the  near  and  in  the 
distant  instrument,  as  shown  at  No.  3.  As  soon  as  the  operator 
has  finished  making  his  signals,  the  springs,  v  and  £,  restore  the 
cros8piece  d,  to  the  position  shown  in  No.  1,  and  thus  the  instru- 
ment at  once  adjusts  itself  for  receiving  the  signals  from  the 
distant  station ;  the  battery  at  o  z  being  thrown  out  of  action 
and  the  conducting  communication  with  the  line  being  restored 
through  the  crosspiece,  d,  by  the  self-acting  power  of  tne  instru- 
ment itself. 

By  this  arrangement  a  corresponding  motion  of  the  needle  is 
always  produced  at  the  same  instant  at  both  stations,  so  that  the 

fiver  and  the  receiver  of  the  message  each  perceive  the  signal. 
ince  the  needle  admits  of  being  moved  either  to  the  right  or  to 
the  left,  it  is  clear  that  by  combining  together  on  a  definite  plan 
a  certain  number  of  these  movements,  any  letter  or  word  may  be 
transmitted ;  thus  two  movements  of  the  upper  end  of  the  needle 
to  the  right  may  show  the  letter  A ; '  three  movements  in  the 
same  direction  tne  letter  B ;  four  might  indicate  C\  one  to  the 
right  and  one  to  the  left  D ;  and  so  on. 

By  employing  two  or  more  needles  in  each  instrument,  a 
greater  number  and  variety  of  signals  can  be  transmitted  in  the 
same  time,  but  each  needle  requires  a  separate  conducting  wire, 
though  the  number  of  batteries  need  not  be  increased. 

§  V.  Magnkto-Electeicity. 

(310)  VoUa-Electric  Induction. — The  term  voUa-dectric  induc- 
tion was  given  by  Faraday  to  the  production  of  secondary  cur- 
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rents,  or  currents  in  closed  wires  obtained  by  inductive  action, 
from  wires  conveying  currents  in  the  vicinity  of  such  closed  cir- 
cuits. The  circumstances  under  which  these  currents  are  formed 
will  be  best  understood  by  a  description  of  an  experiment.  If  a 
wire  through  which  a  voltaic  current  is  passing  be  placed  parallel 
to  a  second  wire,  the  two  extremities  of  which  are  connected  with 
the  ends  of  a  sensitive  galvanometer,  no  perceptible  effect  is  pro- 
duced in  the  second  wire  so  long  as  the  current  passes  without 
interruption  through  the  first  wire ;  but  if  the  current  through  the 
first  wire  (or  primary  current  as  it  may  for  the  sake  of  distinction 
be  termed)  be  suddenly  stopped  by  interrupting  the  connexion 
with  the  battery,  a  secondary  cwrrent  of  momentary  duration  is 
produced  in  the  second  wire,  and  this  current  is  direct,  that  is  to 
say,  it  is  in  the  same  direction  as  that  in  the  battery  wire.  On 
again  completing  the  communication  between  the  first  wire  and 
the  battery,  a  momentary  current  or  wave  of  electricity  is  again 
transmitted  through  the  second  wire,  but  it  is  now  inverse,  or  in 
the  opposite  direction  to  the  primary  current. 

These  effects  may  be  much  increased,  if  instead  of  employing 
simple  wires,  the  wires  be  coiled  into  the  form  of  two  concentric 
helices ;  the  wire  which  is  to  convey  the  primary  current,  or 
primary  coil,  being  placed  in  the  axis  of  the  coil  for  the  secondary 
current,  and  the  ends  of  the  secondary  coil  being  connected  as 
before  with  the  extremities  of  the  galvanometer.  Under  these 
circumstances  the  needle  will  receive  a  powerful  impulse  at  the 
moment  the  primary  coil  is  connected  with  the  battery,  but  after 
a  few  oscillations  the  needle  will  return  to  its  original  position, 
notwithstanding  that  the  current  through  the  primarv  coil  is  main- 
tained ;  the  instant,  however,  that  the  primary  coil  is  separated 
from  its  contact  with  the  battery,  a  powerful  momentary  impulse, 
from  a  current  through  the  secondary  coil  in  a  direction  the  re- 
verse of  the  former,  will  be  produced  upon  the  galvanometer 
needle. 

Similar  effects  are  exhibited  by  causing  the  primary  coil, 
whilst  it  is  transmitting  the  battery  current,  suddenly  to  approach 
towards,  or  to  recede  from,  the  secondary  coil  which  is  in  connex- 
ion with  the  galvanometer.  During  the  approach  of  the  coil,  the 
secondary  current  is  in  the  opposite  direction  to  the  primary  one, 
but  during  the  withdrawal  01  the  coil  the  secondary  current  is  in 
the  same  direction  as  the  primary  current.  If  a  small  helix  be 
substituted  for  the  galvanometer  in  the  secondary  coil,  a  steel 
needle  may  be  magnetized  by  the  induction  of  these  instantaneous 
currents,  and  the  intensity  of  the  magnetism  thus  induced  is  pro- 
portional to  the  intensity  of  the  secondary  current.  By  discharg- 
ing a  Leyden  jar  through  a  primary  eoil  properly  insulated,  a 
secondary  current  may  be  obtained  in  the  other  helix,  but  in  this 
case  it  ia  always  in  the  same  direction  as  the  current  produced  on 
breaking  contact  with  the  battery. 

(311)  Magmto-Elivtric  Induction. — Since  electricity  maybe 
made  to  elicit  magnetism  it  seems  reasonable  to  expect  that  the 
converse  operation  of  obtaining  electricity  by  means  of  magnetism 


should  likewise  be  practicable.  After  several  fruitless  attempts 
to  solve  this  problem,  Faraday  succeeded  in  discovering  the  con- 
ditions necessary  to  ensure  the  result  {Phil.  Trans.,  1832,  p.  125). 
The  following  experiment  will  serve  to  illustrate  these  conditions. 
Let  the  extremities  of  a  helix  of  copper  wire  be  connected  by 
means  of  wires  several  feet  in  length  with  the  two  ends  of  a  gal- 
vanometer, so  that  the  needles  shall  be  beyond  the  direct  influ- 
ence of  the  magnetic  bars  to  be  employed.  Motion  of  a  perma- 
nent magnet  across  the  coils  of  the  helix  instantly  produces  a  cur- 
rent in  the  wire ;  if,  for  example,  a  bar  magnet  be  introduced 
into  the  axis  of  the  helix,  an  immediate  deflection  of  the  gal- 
vanometer needle  is  produced ;  but  if  the  magnet  be  allowed  to 
remain  motionless  within  the  helix,  the  needle  after  a  few  oscilla- 
tions returns  to  its  zero ;  the  instant,  however,  that  the  magnet  is 
withdrawn,  the  galvanometer  needle  is  deflected  to  the  same  ex- 
tent as  before,  but  in  the  opposite  direction.  When  the  marked 
end  of  a  magnetic  bar  is  introduced  into  a  right-handed  helix,  the 
current  whicn  is  produced  so  passes  through  the  coils  as  to  enter 
the  helix  at  that  extremity  at  which  the  magnet  enters ;  so  that 
the  current  under  these  circumstances  moves  in  the  opposite 
direction  to  that  of  the  hands  of  a  watch  which  is  lying  with  its 
face  upwards. 

If  a  bar  of  soft  iron  be  placed  in  the  axis  of  the  helix,  so  long 
as  it  remains  unmagnetized  no  current  is  produced,  but  if  the  op- 
posite poles  of  two  bar  magnets  be  presented  one  to  each  ex- 
tremity of  the  soft  iron,  so  as  to  render  it  temporarily  magnetic 
by  induction,  a  momentary  current  is  produced  whilst  it  is  ac- 
quiring magnetism,  and  this  current  corresponds  in  direction  with 
tnat  which  would  be  occasioned  by  introducing  a  bar  magnet,  the 
poles  of  which  correspond  in  direction  with  those  of  the  tempo- 
rary magnet 

In  like  manner  when  two  concentric  helices  are  arranged  as 
in  the  experiment  on  volta-electric  induction  (310),  and  a  bar  of 
soft  iron  is  placed  in  the  axis  of  the  primary  coil,  a  much  more 
powerful  secondary  current  is  obtained  than  when  the  two  coils 
only  are  used ;  since  the  soft  iron  in  acquiring  and  in  losing  mag- 
netism produces  a  secondary  current,  which  in  each  case  occurs  in 
the  same  direction  as  that  induced  by  the  primary  coil  alone.  If 
a  bar  of  copper  be  substituted  for  the  iron  bar  or  core  in  the 
primary  coil,  the  current  is  not  stronger  than  when  the  two  coils 
alone  are  employed. 

If,  as  Ampere  supposes,  a  series  of  electric  currents  are  per- 
petually circulating  around  the  component  particles  of  a  Dar 
magnet,  in  planes  at  right  angles  to  the  magnetic  axis, — the  mo- 
tion of  a  magnet  in  the  axis  of  a  helix,  the  opposite  extremities 
of  which  are  m  metallic  communication  with  each  other  so  as  to 
form  a  closed  circuit,  must  necessarily  produce  a  current  in  such 
a  helix ;  for  the  magnet  corresponds  to  a  helix  through  which  an 
electric  current  is  passing ;  experiment  shows  that  tne  direction 
of  the  currents  induced  by  the  magnet  is  precisely  such  as  would 
be  required  by  Ampere's  theory. 


(812)  Ruhmkarffs  Induction  Coil. — The  secondary  cm-renta 
which  are  obtained  by  magnetic  induction  possess  a  high  degree 
of  intensity ;  if  the  circuit  be  broken  at  the  moment  that  the  cur- 
rent is  passing,  a  brilliant  spark  will  be  observed  at  the  point  at 
which  the  interruption  is  occasioned. 

An  effective  apparatus  for  exhibiting  these  secondary  currents 
has  been  in  use  ror  several  years,  but  it  has  recently  been  ren- 
dered still  more  efficient  by  Ruhmkorff.  One  of  its  forms  is 
represented  in  fig.  245,  in  which  No.  1  shows  a  vertical  section  of 

Fig.  245. 


the  coil  through  its  long  axis,  the  other  parts  being  shown  in  per- 
spective. It  consists  mainly  of  two  concentric  helices  of  copper 
wire ;  the  primary  or  inner  coil,  a  a,  consisting  of  a  stouter  and 
shorter  wire  than  the  secondary  coil,  b  b,  which  is  made  of  a  veiy 
long,  thin  wire,  insulated-  by  silk,  and  each  layer  of  coils  is  care- 
fully insulated  from  the  adjacent  layer :  *  m  is  a  bundle  of  soft  iron 
wire  placed  in  the  axis  of  the  coils.  At  +  and  —  are  binding- 
screws  for  connecting  the  primary  coil  with  a  voltaic  battery  of 
three  or  four  elements.  This  primary  coil  is  not  continuous 
throughout  its  length,  but  admits  of  being  broken  at  c  and  d  :  d 
is  a  small  armature  or  soft  iron,  to  the  under  surface  of  whicn  a 
plate  of  platinum  is  riveted,  and  the  upper  surface  of  c  is  also  faced 
with  platinum.  So  long  as  c  and  a  touch  each  other,  the  cur- 
rent circulates  uninterruptedly  through  a  a  :  but  as  soon  as  the 
current  passes  through  a  a,  the  iron  core  m,  becomes  magnetic  and 
attracts  dy  consequently  the  contact  between  c  and  a  is  inter- 

*  In  RuhmkorfPs  10-inch  coil  the  inner  or  primary  wire  is  0*08854  inch  thick  and 
182  feet  long,  800  tarns  of  wire  being  formed  upon  the  instrument.  The  outer  or  sec- 
ondary coil  is  0*01812  inch  thick,  and  26,246  feet  in  length,  distributed  in  25,000  cofls. 


rupted ;  the  current  immediately  ceases  to  flow  through  a  a,  the 
magnetism  in  m  disappears  instantly,  the  hammer,  d,  falls,  contact 
with  o  and  with  the  battery  is  immediately  renewed,  d  is  attracted 
again,  and  it  immediately  falls  back  upon  c.  Thus  the  battery 
itself  acts  as  a  means  of  making  and  breaking  the  contact  several 
htmdred  times  in  a  minute.  A  powerful  current  is  induced  in 
the  secondary  coil,  b  b,  by  each  of  these  momentary  currents  in 
A  A.  In  this  instrument  the  secondary  current  is  always  trans- 
mitted in  one  direction  only,  the  induced  current  on  breaking 
contact  being  the  only  one  which  has  sufficient  intensity  to  trar 
verse  the  coil.  No.  2  shows  an  end  view  of  the  coil,  and  exhibits 
more  distinctly  the  parts  by  which  the  contact  is  made  and 
broken.  The  same  letters  apply  in  both  cases.  The  shocks  are 
of  such  intensity  as  to  T>e  very  painful  and  often  dangerous,  even 
though  experienced  only  for  an  instant.  A  continuous  stream  of 
sparks  will  pass  between  the  insulated  ends  of  the  secondary  wire, 
e  f.  A  Leyden  jar  may  be  charged  by  the  secondary  current, 
and  the  power  of  the  instrument  may  be  much  increased  by  con- 
necting the  primary  wire  with  the  modification  of  the  Leyden 
jar,  which  is  commonly  called  a  condenser :  it  consists  of  a  band 
of  brown  paper,  or,  better,  of  oiled  silk,  on  either  side  of  which 
a  sheet  of  tinfoil  is  pasted.  40  or  50  square  feet  of  coated  surface 
are  thus  prepared  and  folded  between  two  other  bands  of  brown 
paper  or  of  silk,  and  packed  in  a  flat  wooden  case.  The  two  coat- 
ings are  connected  with  the  binding-screws  attached  to  c  and  d 
in  the  primary  current.  The  principle  of  its  action  is  not  clearly 
understood ;  it  does  not  increase  the  quantity  of  electricity  in  the 
secondary  current,  but  it  adds  greatly  to  its  intensity  and  aug- 
ments the  striking  distance,  so  that,  by  its  employment,  and  by 
increasing  the  dimensions  of  the  coil,  paying  scrupulous  attention 
to  the  insulation  of  the  conducting  wires,  sparks  of  18  or  20  inches 
in  length  and  of  great  intensity  have  been  obtained.  The  inten- 
sity of  this  spark  is  also  greatly  increased  by  increasing  the  sud- 
denness with  which  the  continuity  of  the  primary  wire  is  broken. 
It  is  obvious  that  by  this  machine  electricity  of  low  tension  may 
be  rendered  as  intense  as  that  from  an  ordinary  plate-machine 
whilst  its  quantity  is  much  greater.  An  induction  coil  may  in- 
deed be  substituted  for  an  ordinary  electrical  machine  in  most 
cases,  with  great  advantage,  where  a  continuous  discharge  of 
sparks  is  required. 

If  the  shadow  of  the  spark  obtained  between  the  secondary 
wires  of  a  RuhmkorfFs  coil  be  thrown  upon  a  screen  by  the 
intense  light  of  the  electric  lamp,  a  cone  of  vapour  will  appear  to 
issue  from  the  point  of  each  wire,  due  to  the  unequal  refraction 
produced  by  the  current,  of  heated  air ;  but  the  cone  from  the 
negative  wire  being  more  powerful  apparently  beats  back  the 
heated  stream  from  the  positive  wire.  These  effects  are  the  re- 
verse of  those  produced  in  the  ordinary  voltaic  arc,  in  which  the 
greatest  dispersion  of  matter  and  the  highest  temperature  is  ob- 
served to  occur  at  the  positive  electrode  (280).  It  the  discharge 
of  the  secondary  coil  be  allowed  to  occur  in  an  exhausted  receiv- 
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er,  the  phenomenon  of  the  aurdral  light  1b  exhibited  in  a  most 
beautiful  manner  through  an  interval  of  several  feet.  Gassiot  has 
contrived  a  very  striking  modification  of  this  experiment  by  plac- 
ing within  the  receiver  of  the  air-pump  a  small  tumbler  or  beaker 
lined  with  tinfoil  about  half  way  up  the  inside.^  The  receiver* 
should  be  open  at  top  for  the  admission  of  a  sliding  rod,  which 
passes  air-tig ht  through  a  brass  plate,  ground  to  fit  the  top  of  the 
jar ;  the  sliding  rod  is  enclosed  in  a  glass  tube  open  at  bottom, 
and  passes  down  to  the  inside  of  the  tumbler  and  touches  the  me* 
tallic  lining.  On  exhausting  the  receiver  whilst  the  plate  of  the 
pump  is  connected  with  one  terminal  of  the  secondary  coil,  and 
the  sliding  rod  with  the  other  terminal,  a  beautiful  and  contin- 
uous cascade  of  electric  light  pours  over  the  edge  of  the  tumbler 
upon  the  metallic  plate  of  the  pump.  The  effect  is  heightened  if 
the  tumbler  be  made  of  a  fluorescent  material,  such  as  uranium 
glass,  and  rests  upon  a  glass  dish  washed  over  with  sulphate  of 
quinine,  the  blue  fluorescence  of  which  contrasts  well  with  the 
yellow  of  the  uranium.  If,  instead  of  using  the  sort  of  Leyden 
jar  employed  in  the  foregoing  experiment,  this  discharge  be 
taken  in  an  exhausted  glass  globe  between  two  brass  balls,  it  ex- 
hibits a  very  interesting  appearance ;  the  negative  ball  becomes 
covered  with  a  quiet  glow  or  light,  whilst  a  pear-shaped  luminous 
discharge  takes  place  from  the  positive  ball ;  between  the  two 
balls  is  a  small  interval  nearer  to  the  negative  than  to  the  posi- 
tive ball  which  is  not  luminous :  when  the  exhaustion  of  the 
receiver  is  very  perfect,  the  luminous  portion  is  observed  to  be 
traversed  by  a  series  of  dark  bands  or  arches  concentric  with  the 

Sositive  ban ;  the  presence  of  a  little  vapour  of  phosphorus  ren- 
ers  these  dark  bands  much  more  distinct.  (Grove.) 
The  occurrence  of  these  bands  is  as  vet  unexplained ;  but  the 
attempts  to  trace  them  to  their  cause  nave  led  to  numerous  in- 
teresting investigations  by  Grove,  who  first  observed  them,  by 
Robinson,  and  by  others,  but  particularly  by  Gassiot,  who  has 
varied  the  experiment  in  numberless  ways  {JPMl.  Trans.,  1858, 
1859).  .  Gassiot's  principal  method  of  procedure  has  been  to  seal 
wires  of  platinum  and  of  other  materials  of  various  sizes  and 
forms,  into  glass  vessels  or  tubes.  These  tubes  and  vessels  were 
subsequently  exhausted  more  or  less  completely.  Various  gas- 
eous bodies  were  then  introduced,  and  were  afterwards  more  or 
less  completely  renfoved  by  the  air-pump :  effects  of  great  variety 
and  beauty  were  thus  obtained.  The  general  appearances  may 
be  thus  described  : — If  a  long  wide  glass  tube  rag.  246}  contain- 
ing sticks  of  caustic  potash,  at  p,  be  filled  with  well-aried  car- 
bonic acid  gas,  and  afterwards  exhausted  by  the  air-pump,  the 
residual  carbonic  acid  will  be  gradually  absorbed  by  the  caustic 
potash  at  p.  The  effects  observed  on  connecting  the  wires  -f ,  — , 
with  the  secondary  wires  of  the  EuhmkorfTs  coil,  vary  with  the 
perfection  of  the  vacuum.  If  the  vacuum  be  merely  that  which 
can  be  obtained  by  an  ordinary  air-pump,  no  stratification  is  per- 
ceptible ;  a  diffuse  lambent  light  fills  the  tube :  if  the  rarefaction 
be  carried  a  step  further,  narrow  striae,  like  ruled  lines,  about  ^h 
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inch  in  thickness  traverse  the  tube  transverse  to  the  line  of  the 

Fio.  246. 


discharge,  as  shown  in  fig.  247,  No.  1.  A  step  farther  in  the  rare- 
faction increases  the  breadth  of  the  bands  as  seen  in  fig.  246 ;  next 
the  segments  of  light  assume  a  cup-shaped  or  conical  form,  fig. 
247,  IN  o.  2 ;  and  by  carrying  the  rarefaction  still  further,  a  series 
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of  luminous  cylinders,  of  an  inch  or  so  in  depth,  with  narrow 
dark  lines  between  them,  are  seen,  fig.  247,  No.  3.  Finally, 
when  the  vacuum  approaches  perfection,  there  is  neither  dis- 
charge, light,  nor  conduction.  Hence  it  would  appear  that  the 
presence  of  material  particles  is  absolutely  necessary  to  the  trans- 
fer of  the  electric  current. 

When  the  stratification  is  most  distinctly  visible,  a  dark  space 
will  always  be  observed  near  the  negative  pole,  which,  if  of  pla- 
tinum, is  seen  to  be  covered  with  a  bluish  glow  of  light,  within 
which,  the  wire,  by  an  optical  illusion,  has  the  appearance  of  being 
red  hot.  Portions  of  the  negative  electrode  are  gradually  thrown 
off  in  the  form  of  line  metallic  particles  as  the  experiment  is  con- 
tinued, and  the  wire  rises  considerably  in  temperature.  The  ap- 
pearance of  the  stratification  varies  greatly  with  the  modifications 
in  form  given  to  the  wires.  If  the  negative  wire  be  enclosed 
with  a  capillary  glass  tube  which  is  open,  and  projects  beyond 
the  wire  for  an  eighth  of  an  inch,  or  a  little  more,  all  the  strati- 
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fication  disappears,  and  a  jet  of  light  escapes  from  the  open  end 
of  the  capillary  tube,  passing  down  the  exhausted  vessel. 

These  stratified  bands  and  luminous  discharges  are  powerfully 
affected  by  the  magnet ;  if  the  negative  wire  be  undermost  in  one 
of  these  exhausted  tubes  suspended  vertically,  and  it  be  com- 
pletely covered  with  a  stratum  of  mercury,  it  will  be  found  on 
causing  one  end  of  a  magnet  to  approach  the  termination  of  the 
luminous  bands  in  the  direction  of  the  axis  of  the  tube,  that  the 
stratification  will  become  modified,  and  will  present  an  appear- 
ance resembling  that  which  might  be  occasioned  by  stretching  a 
spiral  spring,  supposing  it  were  luminous ;  indeed,  by  suitable 
means,  the  discharge  may,  as  De  La  Rive  has  shown,  be  made  to 
rotate  around  the  magnetic  pole.  Plticker  has  shown  that  the 
light  from  the  negative  pole  is  also  specially  affected  by  the  mag- 
netic force,  the  lines  of  light  becoming  parallel  to  the  magnetic 
curves ;  and  Gassiot  has  found,  that  by  arranging  a  tube  so  as  to 
cross  the  lines  of  magnetic  force  which  emanate  from  the  poles  of 
a  powerful  electro-magnet,  he  can  instantly  arrest  the  luminous 
discharge  by  magnetizing  the  electro-magnet ;  but  on  breaking 
the  connexion  of  the  magnet  with  the  battery,  the  discharge  is 
immediately  renewed. 

The  phenomena  above  described  have  recently  attracted  a 
large  share  of  the  attention  of  electricians  from  their  intimate 
connexion  with  the  mode  in  which  the  electric  force  is  propagated 
and  transmitted  from  point  to  point. 

The  stratified  light  produced  by  RuhmkorfFs  coil  is,  from- the 
nature  of  the  apparatus,  intermittent,  as  may  be  very  simply  and 
beautifully  shown  by  attaching  one  of  the  vacuum  tubes  to  an 
axle  whicn  can  be  thrown  into  rapid  rotation,  the  two  arms  of 
the  tube  moving  like  spokes  of  a  wheel  upon  the  extremity  of  the 
axle.  In  this  arrangement,  one  extremity  of  the  tube  is  main- 
tained in  unbroken  contact  with  one  extremity  of  the  induction 
coil,  while  the  other  extremity  is  in  like  manner  connected  with 
the  other  end  of  the  induction  coil.  As  the  rotation  proceeds,  if 
the  experiment  be  made  in  a  darkened  room,  the  tube  will  be 
visible  momentarily,  several  times  during  each  rotation,  and  will 
produce  the  appearance  of  a  star  of  light,  each  arm  of  the  star 
exhibiting  distinct  stratified  bands,  and  appearing  to  be  stationary, 
owing  to  the  briefness  of  the  time  for  which  it  is  visible. 

It  was  supposed  that  these  phenomena  of  stratification  were 
connected  with  undulations  produced  by  the  rapidly  succeeding 
currents  of  the  induction  coil.  Gassiot,  however,  has  shown  that 
this  is  not  the  cause,  bv  producing  the  stratified  appearance  from 
the  discharge  of  a  Leyden  jar  when  somewhat  prolonged  by  trans- 
mitting it  through  a  portion  of  wet  string ;  Quet  and  Seguin,  by 
charging  the  jar  feebly,  have  obtained  similar  effects  without  the 
use  of  the  wet  string.  Gassiot  also  obtained  them  directly  from 
the  water  battery  of  3500  cells  (299),  as  well  as  from  a  series  of 
400  carefully  insulated  small  pairs  of  Grove's  construction,  and 
connecting  each  terminal  of  the  battery  with  one  of  the  insulated 
wires  of  the  exhausted  tube.    A  beautifully  distinct  stratified 
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discharge  was  produced,  which  was  not  arrested  by  the  introduc- 
tion of  a  voltameter  into  the  circuit.  The  quantity  of  electricity 
thus  transmitted  is  so  small  that  the  amount  of  water  decomposed 
is  barely  perceptible.  This  is,  therefore,  not  the  true  voltaic  arc. 
On  causing  the  terminals  of  the  Grove's  battery  in  the  exhausted 
tube  gradually  to  approach  each  other  till  within  about  an  inch 
and  a  half,  the  true  voltaic  arc  was  suddenly  established,  and  an 
immense  rise  of  temperature  instantly  occurred ;  but  the  interest- 
ing point  of  the  experiment  was  that  the  arc  itself  was  distinctly 
seen  to  be  stratified. 

The  passage  of  the  electric  spark  through  compound  gases  or 
vapours  is  attended  with  a  partial  separation  of  their  components 
in.  the  line  of  the  discharge.  But  the  experiments  of  Perrot 
(Ann.  de  Chimie^  III.  lxi.  161)  appear  to  have  proved  that  the 
spark  from  Buhmkorffs  coil  produces  in  addition  a  true  elec- 
trolytic decomposition  of  the  compound  vapour.  In  the  case  of 
steam,  for  example,  oxygen  appears  in  larger  quantity  at  the  posi- 
tive wire,  and  hydrogen  in  excess  is  collected  at  the  negative ; 
but  a  much  larger  quantity  of  the  two  gases  is  evolved  than  is 
due  to  true  electrolysis.  Long  sparks,  if  transmitting  equal 
amounts  of  electricity  in  equal  times,  were  found  to  be  more 
effectual  in  producing  decomposition  than  small  ones.  In  syn- 
thetic experiments  on  the  combination  of  oxygen  and  nitrogen  to 
Eroduce  nitric  acid,  it  was  found  that  long  sparks  also  ftirnish  a 
trger  quantity  of  acid  than  short  ones.  If  the  length  of  the 
spark  be  increased  in  any  given  circuit,  the  gain  increases  only 
up  to  a  certain  point,  the  resistance  offered  by^  the  length  of  the 
.interposed  stratum  of  air  beyond  this  point  diminishes  the  amount 
of  electricity  which  circulates,  to  an  extent  which  more  than 
counterbalances  the  gain  obtained  by  increasing  the  length  of  the 
spark. 

The  energy  of  the  secondary  induced  current  in  effecting  the 
combination  or  the  decomposition  of  gases  and  vapours  is  much 
greater  than  that  of  the  ordinary  cylinder  or  plate  electrical 
machine.  The  interposition.of  a  condenser  into  the  induced  cir- 
cuit augments  the  intensity  of  the  chemical  action  of  the  spark  ; 
but  it  decreases  the  number  of  sparks  in  a  given  time,  so  that  if 
the  spark  possess  sufficient  intensity  to  pass,  no  gain  in  the 
amount  of  tne  body  decomposed  is  effected  oy  the  use  of  the  con- 
denser.* 

(313)  Inductive  Action  of  Currents — Hewnfa  Cods. — When 
the  connexion  between  the  plates  of  a  battery  is  made  by  means 
of  a  single,  long  straight  wire,  a  brilliant  spark  is  seen  at  the  mo- 
ment that  the  contact  with  the  battery  is  oroken ;  but  when  the 
connexion  is  made  by  means  of  a  short  wire,  and  contact  is  broken, 
only  a  very  small  spark  is  produced.  When  a  long  wire  is  em- 
ployed, the  same  length  of  wire,  if  coiled  into  a  helix,  gives  a 

*  Full  details  of  the  numerous  researches  made  by  Qaet  and  others  with  RuhmkorJTs 
coil  will  be  fond  in  Da  MoneeTs  Notice  tur  PAppareU  d Induction  Electrique  de  R*h* 
hvrff,  4th  edit. 


much  brighter  spark  than  when  it  is  used  merely  as  a  straight 
conductor.  The  brilliant  spark  which  is  observed  when  the  long 
wire  is  used,  is  produced  by  the  inductive  action  of  the  battery 
upon  the  electricity  of  the  wire  itself.  The  bright  spark  obtained 
from  the  battery  wire  on  breaking  contact  arises  from  a  current 
which  is  transmitted  through  tbe  wire  in  the  same  direction  as 
that  from  the  battery  itself  This  inductive  action  may  be  en- 
tirely diverted,  if  a  second  helix,  the  ends  of  which  are  in  me- 
tallic communication  with  each  other,  be  placed  either  within  the 
primary  coil  or  exterior  of  it. 

If  the  conducting  wire  be  coiled  into  a  helix  within  which  an 
iron  core  is  placed,  the  current  on  breaking  contact  acquires  suffi- 
cient intensity  to  communicate  a  powerful  shock,  when  the  ends 
of  the  wire  are  grasped  by  the  hand  at  the  moment  that  the  wire 
is  disconnected  with  the  battery,  although  the  battery  itself  may 
be  quite  inadequate  to  produce  any  shock  when  its  extremities  are 
connected  by  a  short  wire.  A  striking  experiment  of  this  kind  is 
related  by  Prof.  Jos.  Henry  (Phil.  Mag.  1840,  vol.  xvi.  p.  205). 
A  very  small  compound  battery  was  foraged  of  six  pieces  of  cop- 
per bell-wire  each  about  an  inch  and  a  half  long,  and  six  pieces 
of  zinc  of  the  same  size ;  the  current  which  this  arrangement  pro- 
duced was  transmitted  through  a  spool  of  copper  wire  covered 
with  cotton :  this  wire  was  5  miles  in  length,  and  Tx  of  an  inch 
in  diameter,  and  it  was  wound  upon  a  small  axis  of  iron.  The 
shock,  on  breaking  the  connexion  with  the  little  battery,  was  dis- 
tinctly felt  simultaneously  by  twenty-six  persons  who  had  formed 
a  circle  by  joined  hands,  and  who  completed  the  circuit  between 
the  two  ends  of  the  wire.  The  shock  which  was  felt  on  making 
contact  with  the  battery  was  barely  perceptible.  A  current  is 
produced  on  making  contact,  but  it  is  feeble,  and  in  a  direction 
the  reverse  of  that  emanating  from  that  battery.  Even  a  thermo- 
electric battery  (317),  if  the  current  which  it  yields  be  trans- 
mitted through  the  coil,  will  furnish  sparks  on  breaking  contact 
Henry,  in  the  paper  above  referred  to,  has  made  some  interest- 
ing observations  upon  the  action  of  the  battery  current  in  in- 
ducing secondary  currents.  He  employed  for  transmitting  the 
!>rimary  current  a  flat  coil  or  ribbon  of  sheet  copper  about  93  feet 
ong  and  \\  inch  wide.  This  ribbon  was  sometimes  coiled  in  the 
manner  shown  at  a,  fig.  248,  sometimes  in  the  form  of  a  ring  u 
shown  at  bm  This  coil  was  combined  under  various  circumstances 
with  other  similar  coils,  each  about  60  feet  long,  or  with  helices 
of  fine  copper  wire  of  various  lengths.  The  form  of  ribbon  is  a 
very  advantageous  one,  as  it  offers  a  large  sectional  area  in  tie 
conductor,  and  thus  diminishes  the  resist ance,  whilst  the  diflijrent 
layers  of  the  coil  are  approximated  to  each  other  with  the  smallest 

! possible  intervals  between  them.  When  coiled  as  at  b,  and  ft 
iclix  wa?  placed  within  the  ring  so  formed,  each  time  that  the  cur- 
rent from  the  battery  through  the  ribbon  was  interrupted,  a  seo- 
ondary  current  of  considerable  intensity  was  obtained  in  tie 
helix  :  the  helix  could  be  supported  upon  a  plate  of  glass  ^"^ 
rested  upon  the  flat  coil,  and  still  the  inductive  action  was  ob* 
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tamed ;  but  if  a  metallic  plate  were  interposed  between  the  coil 
and  the  helix,  no  secondary  current  was  obtained  in  the  helix, 
because  it  was  transferred  to  the  interposed  conducting  plate.  • 
By  arranging  a  series  of  coils  in  the  manner  represented  in 
fig.  248,  Henry  succeeded*  in  obtaining  a  succession  of  induced 


V 


currents  by  their  mutual  action.  If  a  represent  the  coil  in  con- 
nexion with  the  battery,  ft  and  c  are  arranged,  to  form  a  contin- 
uous coil,  through  which,  by  induction,  a  momentary  current  is 
produced  each  time  that  the  connexion  of  the  coil  a  with  the  bat- 
tery is  broken ;  the  current  in  ft  e  then  beinc  direct,  or  in  the 
same  direction  as  in  a.  Now  if  two  wire  helices  be  connected 
together  and  placed  as  at  d  and  e9  the  induced  current  in  o  will 
produce  a  second  induced  current,  or  current  of  the  third  order, 
jnde;  but  this  current  will  be  in  the  opposite  direction  to  that 
in  ft  o.  Iff  be  a  ribbon  coil  placed  above  ey  with  its  ends  united 
by  a  small  helix  at  g,  a  third  current,  or  current  of  the  fourth 
order,  will  be  obtained,  but  it  will  be  in  the  opposite  direction  to 
that  in  d  e.  Thus  if  the  currents  be  compared  together,  they  will 
be  in  the  direction  following: — 

a  primary  current  (on  breaking} 

ft,  ey  secondary  current  .    .    .     airect 

a,  6,  current  of  the  third  order  .  inverse 

f  g,  current  of  the  fourth  order  direct. 

By  acting  upon  the  principle  just  explained,  and  carefully  in- 
sulating the  coils,  currents  even  of  the  seventh  order  have  been 
obtained,  the  successive  currents  being  alternately  direct  and  in- 
verse. 

Similar  currents  of  equal  amount,  but  of  lower  tension,  are 
obtained  each  time  that  the  primary  circuit  is  completed,  but  the 
direction  of  the  currents  in  this  case  is  reversed ;  thus  on  com- 
pleting the  primary  circuit  the  currents  would  be  as  follows : — 

a  primary  current  (on  making)  direct 

ft,  c,  secondary inverse 

a,  *,  tertiary direct 

f  fff  quaternary inverse ;  and  so  on. 

These  effects  are  produced  by  a  series  of  complicated  actions, 
which  admit  of  being  summed  up  as  follows : — Tne  primary  cur- 
rent has  the  power  of  producing  two  induced  secondary  currents 
in  opposite  directions  one  on  making,  the  other  on  breaking  con- 
tact ;  these  currents  admit  of  being  separated  from  each  other. 
They  are  equal  in  amount,  but  the  current  on  breaking  contact 
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has  the  highest  tension,  and  will  traverse  the  greater  distance  in 
the  form  of  a  spark.  Each  secondary  current  in  i  c  may  give 
Kse  to  two  opposite  tertiary  currents  hide,  but  these  currents  are 
separated  by  an  interval  of  time  too  small  to  be  appreciated,  be- 
cause the  secondary  current  itself  is  ipstantaneous.  These  two 
tertiary  currents  are  equal  in  quantity,  but  differ  in  tension ;  the 
tertiary  current  produced  by  the  cessation  of  the  secondary  being 
the  stronger.  Again,  each  of  these  momentary  tertiary  currents 
is  in  its  turn  capable  of  developing  in/y  two  opposite  quaternary 
currents,  equal  in  amount  but  differing  in  tension.  At  each  in- 
terruption of  the  primary  current,  therefore,  we  have  one  instan- 
taneous secondary  current  in  b  c,  two  tertiary  in  d  e,  and  four 
quaternary  ones  in/1  g.  If  all  these  currents  were  equal  in  tension 
as  well  as  equal  in  quantity,  they  would  neutralize  each  other ; 
but  since  their  tension  is  not  equal,  a  series  of  phenomena  are 
produced,  owing  to  the  alternate  predominance  of  the  tension  of 
the  currents  moving  in  one  direction  in  one  circuit,  and  in  the  op- 
posite direction  in  tne  succeeding  circuit. 

Henry  has  shown  that  induced  currents  of  several  successive 
orders  may  also  be  obtained  by  the  momentary  passage  of  elec- 
tricity occasioned  by  the  discharge  of  the  Leyden  jar. 

l?hese  induced  currents  not  only  give  powerful  shocks,  but 
they  magnetize  steel  bars  and  produce  chemical  decomposition. 
The  latter  may  be  shown  by  interposing  acidulated  water  or  a 
solution  of  iodide  of  potassium  between  platinum  wires  which  are 
in  connexion  with  the  ends  of  the  coil.  It  is  easy  to  obtain  either 
currents  of  high  intensity  such  as  those  required  to  produce 
shocks,  or  currents  of  large  quantity  such  as  would  be  required 
for  magnetizing  steel  or  for  igniting  platinum  wire,  by  varying 
the  diameter  and  length  of  the  conductor.  When  a  long  thin 
wire  was  employed,  as  by  uniting  the  two  helices  as  at  d  and  6, 
a  current  of  great  intensity,  producing  powerful  shocks,  was  ob- 
tained ;  but  this  same  current  could  be  made  to  induce  in  the  flat 
coil  f  a  current  of  greater  quantity,  but  of  less  intensity. 

Owing  to  these  variations  in  quantity  and  intensity,  the  inves- 
tigation of  the  lawB  of  such  induced  currents  is  complicated  and 
difficult.  Abria  {Ann.  de  Chimie,  III.  i.  385,  and  iii.  5)  has  pub- 
lished some  careful  researches  upon  them,  but  additional  experi- 
ments are  still  needed. 

(314)  Arag<?%  notations. — A  remarkable  exemplification  of 
the  facility  with  which  secondary  currents  are  induced  by  mag- 
netic influence,  and  of  the  mutual  action  of  such  induced  currents, 
is  exhibited  by  the  following  experiments  of  Arago.  If  a  magnet 
be  suspended  freely  by  its  centre  in  a  horizontal  direction,  parallel 
to  a  circular  disk  of  copper  which  can  be  made  to  rotate  horizon- 
tally beneath  the  magnet,  it  will  be  found,  if  the  centre  of  sus- 
pension for  the  magnet  be  directly  over  the  axis  of  the  rotating 
disk,  that  when  the  disk  is  made  to  revolve  with  a  certain  degree 
of  velocity  the  magnet  begins  to  rotate  also  in  the  same  direction 
as  the  disk ;  and  the  more  closely  the  disk  and  the  magnet  are 
approximated,  the  more  rapid  is  the  rotation,  whilst  at  the  same 
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time  a  repulsive  action  is  exerted  upon  the  magnet  in  a  direction 
perpendicular  to  the  plane  of  the  disk.  This  rotation  occurs  as 
freely  when  a  sheet  of  paper  or  of  glass  is  interposed  between  the 
magnet  and  the  metallic  disk,  as  when  air  only  intervenes.  Disks 
of  other  metals  by  their  rotation  also  produce  this  effect  upon 
the  magnet,  but  none  of  them  show  it  so  readily  as  copper ;  the 
facility  with  which  the  effect  is  produced  being  directly  as  the 
power  of  the  rotating  disk  to  conduct  electric  currents.  If  a  nar- 
row strip  be  cut  out  of  the  metallic  disk,  extending  from  its  cir- 
cumference to  the  centre,  no  motion  will  be  produced  in  the  mag- 
net .when  the  disk  is  made  to  revolve ;  but  if  the  cut  edges  of  the 
divided  disk  be  connected  by  soldering  a  piece  of  wire  across  the 
division,  the  rotation  may  be  effected  as  readily  as  when  the  disk 
was  entire.  From  causes  similar  to  those  which  produce  the  fore- 
going results,  it  is  found  that  if  a  magnetic  needle  or  a  bar  mag- 
net be  set  vibrating  parallel  to  the  surface  of  a  disk  of  copper,  it 
will  come  to  rest  much  more  speedily  than  if  vibrating  over  paper 
or  glass. 

These  effects  were  first  satisfactorily  explained  by  Faraday ; 
he  found  that  whenever  a  piece  of  conducting  matter  is  made  to 
pass  either  before  a  single  pole  or  between  the  opposite  poles  of 
a  magnet  so  as  to  cut  the  magnetic  curves  at  right  angles,  elec- 
trical currents  are  produced  across  the  metal,  transverse  to  the 
direction  of  motion.  For  example,  let  the  copper  disk  o,  fig. 
849,  be  made  to  revolve,  in  the  direction  of  the  arrows  on  the  cir- 

Fig.  249. 


cumference,  between  the  poles,  n  *,  of  a  horse-shoe  magnet,  and 
let  a  wire,  w,  which  is  connected  with  one  end  of  the  galvanome- 
ter, g,  be  pressed  against  the  centre  of  the  disk,  whilst  the  other 
wire  wf  from  the  galvanometer  rests  against  the  edge  of  the  disk 
between  the  magnetic  noles.  Under  these  circumstances,  a  cur- 
rent will  be  found  to  now  from  the  centre  towards  the  circum- 
ference of  the  disk,  o,  and  then  through  the  wires,  as  shown  by 
the  arrows.  If  the  disk  be  made  to  revolve  in  the  opposite  direc- 
tion, the  current  will  flow  from  the  circumference  towards  the 
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Fig.  250. 


centre  of  the  disk.    Currents  may  also  be  obtained  from  any  of 
the  forms  of  the  apparatus  which  exhibit  the  rotation  of  magneto* 
round  a  conducting  wire,  or  of  the  wire  round  the  magnet,  if  a 

Slvanometer  be  substituted  for  the  battery,  and  if  the  magnet  or 
e  wire  be  made  to  revolve  by  hand. 
Now  let  us  suppose  that  in  Arago's  experiment  we  are  look- 
ing down  upon  the  revolving  disk,  <?,  fig.  250 ;  when  the  disk  re- 
volves beneath  the  magnet,  it  cuts  the 
magnetic  curves  at  right  angles ;  currents 
are  produced  underneath  the  north  pole, 
from  the  centre  of  the  plate  towards  the 
circumference,  a,  beyond  the  pole:  these 
currents  occur  in  the  opposite  direction — 
viz.,  from  the  circumference  to  the  centre, 
underneath  the  south  pole,  and  thus  tra- 
verse the  diameter  of  the  plate  parallel  to 
the  magnet,  returning  by  the  more  distant 
parts  of  the  plate,  as  shown  by  the  dotted 
arrows.  Such  currents  necessarily  exert  a  repulsive  action  upon 
the  magnet  in  a  direction  which  coincides  with  that  in  which 
motion  is  observed,  and  no  currents  are  obtained  until  either  the 
magnet  or  the  plate  is  set  in  motion. 

(315)  Magneto-Electric  Machines. — Various  machines  have 
been  contrived  for  the  production  of  magneto-electric  currents. 


Fig.  251. 


The  most   convenient  of  these  is  Saxton's   Magneto-Electric 
Machine.    It  is  represented  in  fig.  251,  in  perspective ;  fig.  252 
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shows  a  section  of  the  coils  and  armature  on  a  larger  scale.  It 
consists  of  a  powerful  hone-shoe  magnet,  m,  placed  horizontally 
upon  one  of  its  sides :  in  front  of  its  ends  or  poles,  and  as  close  to 
them  as  is  possible  without  producing  actual  contact,  an  arma- 
ture of  soft  iron,  a  ft,  is  made  to  revolve  upon  a  horizontal  axis,  a, 
which  admits  of  being  turned  by  means  of  a  strap  passing  over  a 
multiplying  wheel,  w.  This  armature  consists  of  two  straight 
pieces  of  iron,  about  two  inches  in  length,  which,  by  means  of  a 
crosspiece  of  iron,  x,  are  connected  together  parallel  to  each 
other,  at  such  a  distance  that  they  shall  be  opposite  the  middle 
of  each  pole  of  the  horse-shoe  magnet.  Around  each  limb,  <?,  d, 
of  the  armature,  a  long  fine  copper  wire,  covered  with  silk  to  in- 
sulate the  coils  from  each  other,  is  wound  in  several  successive 
layers.  The  corresponding  ends  of  each  of  these  helices  are  con- 
nected together ;  one  pair,  e  f,  is  soldered  to  the  spindle,  *,  on 
which  the  armature  rotates,  and  through  it  is  connected  with  a 
circular  copper  disk,  i,  the  edge  of  which  dips  into  a  cup  of  mer- 
cury, m,  wmlst  the  other  pair  of  wires,  g,  A,  is  connected  with  a 
stout  piece  of  copper  which  passes  through  the  axis  of  the  spin- 
dle, *,  from  which  it  is  electrically  insulated,  and  terminates  in  a 
slip  of  copper,  k,  placed  nearly  at  right  angles  to  the  crosspiece, 
x,  which  connects  the  two  limbs  of  the  soft  iron  armature.  Be- 
neath the  slip  of  copper,  &,  is  a  second  mercury  cup,  2,  which  can 
be  made  to  communicate  with  the  cup,  m,  either  by  a  wire,  or  by 
some  other  conductor  of  the  current.  The  arms  of  the  slip,  k, 
alternately  dip  into  the  mercury,  and  rise  above  it,  and  the 
points  of  contact  are  so  arranged  that  the  circuit  (which,  when  I  and 
m  are  properly  connected,  is  complete  so  long  as  k  is  beneath  the 

Fig.  252. 


mercury)  shall  be  broken  at  the  time  that  the  armature  loses  its 
magnetism.  Under  these  circumstances  a  bright  spark  is  ob- 
tained each  time  that  the  slip  k  quits  the  mercury.  Four  cur- 
rents are  therefore  produced  in  the  wire  surrounding  the  arma- 
ture during  each  complete  revolution,  two  successive  currents 
being  in  one  direction,  and  the  two  others  being  in  the  opposite 
direction.  Suppose,  for  example,  that  the  limb,  c,  of  the  arma- 
ture is  opposite  the  marked  pole  of  the  steel  magnet ;  if  now  it  be 
made  to  recede  from  this  pole  a  current  will  be  produced  in  a 
given  direction,  through  the  coil  which  surrounds  this  limb,  and 
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on  the  approach  of  the  same  limb  towards  the  unmarked  end  of 
the  magnet,  a  second  current  will  be  produced  in  the  same  direc- 
tion through  the  coil ;  a  third  current  will  be  produced,  but  in 
a  reversed  direction,  as  the  limb  c  leaves  the  unmarked  end  of 
the  magnet,  whilst  a  fourth  current  will  be  produced  on  the  ap- 
proach of  the  limb  c  to  the  marked  pole  of  the  magnet,  and  will 
coincide  with  the  reversed  direction  of  the  third  current.  If  the 
connexion  between  the  mercury  cups,  I  and  ro,  be  effected  by 
grasping  with  the  hands  two  copper  cylinders,  h  h,  each  of  which 
by  means  of  a  wire  is  in  connexion  separately  with  one  of  the 
cups,  a  succession  of  powerful  shocks  will  be  experienced.  Aci- 
dulated water  and  many  saline  solutions  may  be  decomposed  if 
these  currents  be  transmitted  through  them ;  but  in  order  to  pro- 
duce polar  decomposition,  it  is  necessary  to  suppress  or  turn  up 
one  of  the  points  of  the  slip  &,  and  thus  to  lose  naif  the  power  of 
the  machine ;  otherwise  the  currents  at  each  half  revolution  are 
in  opposite  directions. 

in  the  construction  of  these  magneto-electric  machines,  great 
care  must  be  taken  that  the  insulation  of  the  coils  is  very  perfect 
Different  effects  are  obtained  from  such  a  machine  by  varying 
the  length  and  the  diameter  of  the  wire  which  is  wound  around 
the  armature.  When  currents  of  high  intensity  are  required, 
such  as  those  needed  for  giving  shocks,  or  for  the  decomposition 
of  electrolytes,  a  great  length  of  thin  wire  is  preferable ;  but  a 
much  smaller  length  of  thicker  wire  will  give  the  largest  sparks, 
and  will  ignite  the  greatest  length  of  fine  platinum  wire.* 

Wheatstone  and  others  nave  contrived  magneto-electric 
machines,  by  which  a  continuous  electric  current  m  a  uniform 
direction  may  be  kept  up  for  any  length  of  time.  These  batteries 
are  in  fact,  combinations  of  several  simple  machines,  similar  in 
principle  to  Saxton's ;  the  coils  are  connected  together  so  as  to 
form  a  continuous  circuit.  The  armatures  are  so  arranged  that 
each  shall  in  turn  become  magnetic,  just  before  the  preceding 
armature  has  entirely  lost  its  magnetism.  By  this  contrivance, 
the  current  is  made  to  commence  m  one  coil  before  it  has  ceased 
in  the  coil  which  immediately  precedes  it. 

Magneto-electric  machines  are  now  used  in  Birmingham  on  a 
large  scale,  as  a  substitute  for  the  voltaic  battery  in  processes  of 
electro-silvering  and  electro-gilding.  A  single  Saxton's  machine 
will,  if  kept  in  continuous  revolution,  precipitate  from  90  to  120 
ounces  of  silver  per  week  from  its  solutions :  and  machines  have 
been  constructed  by  which  2£  ounces  of  silver  per  hour  have 
been  deposited  upon  articles  properly  prepared  for  this  mode  of 
plating. 

Mr.  Holmes  has  succeeded,  by  the  use  of  a  powerful  magneto- 
electric  machine,  in  producing  a  light  of  great  steadiness  and  in- 
tensity between  two  points  of  gas  coke :  this  light  can  be  main- 

*  A  machine  upon  this  principle  has  been  contrived  by  Wheatstone  for  exploding 
charges  of  gunpowder,  when  provided  with  Abel's  magnet  fuse,  which  seems  to  leare 
little  to  be  desired  in  simplicity,  certainty,  and  facility  of  application.  {Report  to  Secre- 
tory of  War%  Wheatstone  and  Abel,  Nov.,  1860.) 
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tamed  without  interruption  so  long  as  the  magnets  are  kept  in  ro 
tation,  and  the  charcoal  continues  unconsumed. 

The  machine  consists  of  48  pairs  of  compound  bar  magnets, 
arranged  in'  6  parallel  planes,  so  as  to  form  a  large  compound 
wheel,  between  which  the  armatures,  160  in  number,  are  ar- 
ranged in  5  sets,  the  total  amount  of  wire  being  about  half  a  mile 
in  length.  The  wires  are  insulated  by  cotton,  and  the  contacts 
are  so  arranged  as  to  maintain  a  continuous  current  in  the  same 
direction,  varying  from  a  maximum  to  exactly  half  the  amount  of 
the  maximum, 'in  rapid  succession.  The  steel  bars  weigh  about 
1  ton,  and  the  wheel  is  made,  by  the  aid  of  a  small  steam  engine, 
to  revolve  with  a  rapidity  varying  from  150  to  250  times  per 
minute.  This  light  was  for  several  months  in  successful  opera- 
tion at  the  South  Foreland  Lighthouse,  and  subsequently  at 
Dungeness,  the  actual  expense  of  fuel  in  working  the  engine 
being  about  equal  to  that  of  the  oil  formerly  used,  while  the  light 
is  far  more  brilliant. 

§VI.  Thermo-Electkicity. 

(316)  The  phenomena  due  to  the  development  of  electricity 
by  heat  are  arranged  under  the  head  of  merrno-electricity, — a 
term  which  serves  to  recal  to  mind  the  manner  in  which  the  force 
originates  in  these  cases.  The  present  section  contains  a  sum- 
mary of  the  more  important  facts  which  have  been  ascertained  on 
this  subject. 

As  any  obstruction  to  the  passage  of  the  electric  current  in  a 
conductor  occasions  the  development  of  heat,  so  any  obstruction 
to  the  equal  propagation  of  heat  in  a  conducting  circuit  produces 
a  current  of  electricity.  This  important  result  was  first  obtained 
by  Seebeck,  in  the  year  1822. 

If  the  extremities  of  the  wire  of  a  sensitive  galvanometer  be 
united  by  means  of  a  straight  piece  of  platinum  wire,  this  wire 
may  be  neated  at  any  point  at  a  distance  from  its  connexions 
with  the  galvanometer  wire,  without  producing  a  current  through 
the  circuit ;  but  if  the  platinum  wire  be  twisted  into  a  loop,  its 
molecular  tension  at  this  point  is  slightly  altered,  and  if  heat  be 
applied  to  the  wire  close  to  the  loop  and  to  the  right  of  it,  a  cur- 
rent will  flow  through  the  apparatus  from  right  to  left,  owing  to 
the  inequality  of  the  conducting  power,  and  the  disturbance  of 
regularity  in  the  transmission  of  the  force  from  the  hotter  to  the 
colder  portions.  These  effects  are  still  more  readily  produced  by 
dividing  the  wire  into  two  portions,  and  coiling  each  extremity 
into  a  flat  spiral.  If  one  of  these  spirals  be  heated  to  redness, 
and  be  brought  into  contact  with  the  cold  spiral,  deflection  of  the 
needle  immediately  follows,  in  a  direction  which  indicates  the 
flow  of  a  current  from  the  hotter  to  the  colder  portion*  Metals 
such  as  bismuth  or  antimony,  in  which  a  crystalline  structure  is 
strongly  developed,  but  which  possess  an  inferior  power  of  con- 
ducting electricity,  display  these  thermo-electric  phenomena  in  a 
more  perfect  degree.    If  one  half  of  a  ring  or  rectangular  frame 
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composed  of  either  of  these  metals  be  heated,  and  the  other  half 
be  kept  cool,  a  current  sufficient  to  deflect  a  magnetic  needle  sus- 
pended within  the  frame  or  ring,  will  be  produced.  Metals 
which  are  better  conductors,  such  as  copper  or  silver,  although 
they  also  show  the  phenomena,  exhibit  it  much  less  distinctly. 

Prof.  W.  Thomson  has  shown  that  if  portions  of  a  metallic 
wire  be  stretched  by  weights,  and  be  eon  nee  ted  with  other  por- 
tions of  the  same  wire  not  so  stretched,  on  applying  heat  to 
their  junctions,  a  current  is  produced  from  the  stretched  to  the 
unstretched  wire  through  the  heated  point. 

If  the  rectangle  be  composed  or  two  dissimilar  metals,  as 
when  a  bar  of  antimony,  a  a,  fig.  253,  is  soldered  to  a  bar  of  bis* 

ninth,  n  b,  the  application  of  heat, 
such  as  the  flame  of  a  spirit-lamp, 
to  one  of  the  junctions  will  cause 
deflection  of  the  suspended  needle, 
n  8.     A  bar  of  bismuth  when  sol- 

"a  "  "jl y iinvTOimmTga         dered  to  a  copper. wire,  will  readily 

J£  deflect  the  needle  of  a  galvanome- 

^£h  ter  of  moderate  sensibility,  it'  even 

^^!^ 1     the  warmth  of  the  hand  only  be 

^fc^zz  y      applied   to  one   of  the  junctions. 

Tne  earlier  researches  upon  this 
subject  appeared  to  show  that  so  long  as  the  resistance  in  the 
circuit  continue  unchanged,  the  amount  of  force  in  circulation  is 
exactly  proportioned  to  the  difference  in  temperature  of  the  two 

i "unctions.  Becquerel,  relying  upon  the  accuracy  of  this  datum, 
as  applied  a  thermo-electric  pair  of  metals  to  the  measurement 
of  temperature.  Amongst  other  experiments,  he  endeavoured  to 
ascertain  the  temperature  of  flames  \  the  metals  which  he  em- 
ployed were  thin  wires  of  platinum  and  palladium  ;  the  junction 
of  the  wires  was  introduced  into  different  parts  of  the  flame 
which,  as  might  be  supposed,  were  found  to  vary 'considerably  in 
temperature.  The  proportionality  of  the  current  to  the  tempera- 
ture, however,  only  liolds  good  with  those  non-crystalline  metals 
which  do  not  oxidize  when  powerfully  heated :  and  even  these 
are  liable  to  irregularity,  so  that  the  determination  of  tempera- 
tures  by  this  means  must  not  be  relied  on  without  special  verifi- 
cations, which,  at  high  temperatures,  can  scarcely  be  effected  with 
accuracy.  For  small  differences  of  temperature,  however,  the 
thermo-electric  pair  or  pile  (317)  surpasses  in  sensitiveness  all 
other  thermometric  means  at  present  in  use. 

If  one  of  the  junctions  of  a  thermo-electric  pair  be  maintained 
steadily  at  a  low  temperature,  such  as  32%  whilst  the  tempera- 
ture of  the  other  junction  is  gradually  raised,  it  happens  with 
some  combinations,  that  the  current  increases  in  intensity  up  to  a 
certain  point,  then  declines,  and  is  reversed  ;  in  the  case  of  zinc 
and  silver,  the  rise  continues  up  to  248°  I\ ;  then  the  current 
declines,  becomes  null,  and  ultimately  is  reversed,  as  the  temper- 
ature continues  to  rise.  Most  probably  this  is  due  to  the  peculiar 
effect  which  heat  has  upon  the  crystalline  structure  of  zinc-    Iron 


and  antimofty  exhibit  the  same  effect,  but  to  a  less  marked  ex- 
tent ;  and  Tnomson  has  extended  the  observation  to  a  number 
of  other  metals.  So  important  is  the  crystalline  structure  in 
these  arrangements,  th&t  the  thermo-electric  power  of  bismuth  is 
very  materially  reduced  by  the  addition  of  a  small  per-centage 
of  tin,  which  impairs  its  tendency  to  crystallize.* 

It  may  indeed  be  stated  that  when  two  dissimilar  metals  are 
connected  in  any  way  so  as  to  produce  a  closed  circuit,  an  electric 
current  is  established  each  time  that  Any  difference  in  tempera- 
ture is  produced  between  the  two  points  of  contact ;  and  the  cur- 
rent is  maintained  so  long  as  the  difference  of  temperature  con- 
tinues. 

The  metals  may  be  arranged  in  the  following  thermo-electric 
order : — 

Bismuth 
Platinum 
Lead 
Tin 


Copper  and  Silver 

Zinc 

Iron 

Antimony. 


When  heated  together,  the  current  proceeds  from  those  which 
stand  last  on  the  list  towards  those  which  precede  them.  It  is 
to  be  remarked  that  the  thermo-electric  order  of  the  metals  is  en- 
tirely different  from  their  voltaic  order,  f  According  to  the  ex- 
periments of  Wheatstone  and  Pouillet,  who  have  arrived  at  the 
same  result  by  very  different  methods,  the  electro-motive  force 
of  a  pair  of  bismuth  and  copper,  when  one  junction  is  maintained 
at  212°  and  the  other  at  32*  F.,  is  T^  of  that  exerted  between  a 

£air  of  copper  and  zinc  plates  arranged  in  voltaic  relation,  as  in 
>aniell's  battery. 
Thermo-electric  circuits  may  also  be  formed  with  inferior 
conductors.  Nobili  brought  the  point  of  a  heated  one  of  porce- 
lain clay  into  contact  with  a  cold  cylinder  of  the  same  material, 
each  connected  with  the  galvanometer  by  cotton  soaked  in  a 
conducting  liquid:  the  current  passed  from  the  cone  to  the 
cylinder. 

(317]  Thtrrko-MvtiipUer. — By  connecting  together  successive 
pairs  or  two  different  metals,  and  heating  the  alternate  joints, 
whilst  the  other  junctions  are  kept  cool,  a  tnermo-electric  battery 

*  An  important  connexion  between  the  direction  of  the  planes  of  cleavage  and  the 
direction  of  the  thermo-electric  current  in  crystalline  metals  was  shown  to  exist  by 
Svanberg.  In  bismuth  and  in  antimony,  for  example,  there  is  one  particular  plane  of 
cleavage  endowed  with  greater  brilliancy  than  the  rest  Bars  of  these  metals,  when 
placed  jrith  this  plane  of  cleavage,  perpendicularly  to  the  direction  of  the  current,  are 
more  highly  negative  than  when  placed  in  any  other  position ;  whilst,  if  a  second  plane 
of  cleavage,  somewhat  less  brilliant  than  the  former,  be  placed  across  the  line  of  cur- 
rent, the  bar  is  more  highly  positive,  thermo-electrically,  than  in  any  other  position. 

4  Matthiessen  has  published  (PhiL  Tram.,  1858)  the  results  of  a  careful  series  of 
experiments  upon  the  thermo-electric  order  and  energy  of  various  bodies,  for  tempera- 
tures usually  ranging  between  about  40°  and  100°  F.  If  the  electro-motive  force  of  the 
thermo-electric  current  excited  between  silver  and  copper  be  taken  as  equal  to  1  (the 
current  passing  from  the  silver  to  the  copper  at  the  heated  junction),  the  force  of  the 
current  between  silver  and  each  metal  in  succession  heated  to  the  same  point,  will  be 
represented  by  the  numbers  given  in  the  following  table.  Where  the  positive  sign  is 
prefixed  the  current  is  from  the  silver  to  the  other  metal  at  the  heated  junction;  when 
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may  be  constructed.  The  size  of  the  elements  which  are  em- 
ployed contributes  nothing  to  the  effect,  except  so  far  as  by  in- 
creasing the  area  of  the  conducting  section,  the  conducting  power 
of  the  circuit  is  increased.  Such  a  battery  will  decompose  a  so- 
lution of  iodide  of  potassium,  and  Botto  states  that  with  a  pile 
consisting  of  100  pairs  of  platinum  and  iron  wire,  each  1  inch 
long  ana  T}T  of  an  inch  in  diameter,  he  succeeded  in  decom- 

S)9ing  even  diluted  sulphuric  acid.  A  thermo-electric  current 
om  a  single  pair  is  sufficient  to  convulse  the  limbs  of  a  frog. 

The  principle  ot  the  arrangement  by  which  a  thermo-myMplier 

or  thermo-electric  battery  may  be  constructed,  is  shown  in  fig. 

254 ;  to  one  series  of  junctions,  a  high  temperature,  to  the  other 
a  low  temperature  may  be  applied;  the 
shaded  bars,  a,  represent  bars  of  antimony, 
those  in  outline,  b,  indicate  bars  of  bismutn. 
The  intensity  of  such  a  current,  however,  is 
comparatively  feqble,  and  the  resistance 
which  it  experiences  in  traversing  even  me- 
tallic conductors  of  considerable  diameter, 
such  as  the  metallic  bars  themselves  which 
are  used  in  the  construction  of  the  battery, 
seriously  reduces  its  power.  A  very  cheap 
and  effective  thermo-electric  pile  may  be 
made  'of  wires  of  iron  and  German  silver. 
Nobili  and  Melloni  applied  a  thermo-elec- 
tric battery,  consisting  of  36  pairs  of  small 
bars  of  bismuth  and  antimony,  to  theripome- 

trie  purposes.     Such  a  battery  was  employed  by  Melloni,  in  his 


the  negative  sign  is  prefixed,  the  current  is  from  the  other  metal  at  the  heated  point 
towards  the  silver.  The  substances  marked  with  an  asterisk  are  supposed  to  have  been 
chemically  pure : — 

Thermo-Electric  Order  qfMetdls,  dke. 


Bismuth,  commercial,  pressed 

wire 

•Bismuth,  pressed  wire 

•Bismuth,  cast 

Crystallized  bismuth,  axial... 

Crystal  of  bismuth,  equatorial 

Cobalt 

Potassium 

Nickel 

Palladium 

Sodium 

•Mercury 

Aliirmnnm  

Magnesium 

•Lead,  pressed  wire 

•Tin,  pressed  wire 

Copper  wire 

Platinum 


Iridium 

•Antimony,  pressed  wire... 
•Saver -... 


+ 
8581 
3291 
24*96 
24*69 

17-17 

8-97 

5*49 

502 

8-56 

8094 

2-524 

1-288 

1-175 

1-029 

1-000 

1*000 

0*728 

0168 

0*086 

0- 


Gas  coke,  hard 

•Zinc,  pressed  wire 

0-057 
0*208 

•Copper  voltaic 

0*244 

•Cadmium  trf— i,,,.,,.,,,,,,,,., 

0*882 

Antimony,  pressed  wire 

Strontium 

1-897 

2*028 

T/HhittiP ..,- .,„.,. ..,.• 

8*768 

•Arsenic 

8-828 

Calcium : 

4*260 

Iron,  piano  wire  ......*... ...... 

5*218 

Antimony,  axialtlT,--.Tttt-t.Ttl 

6*965 

Antimony,  equatorial 

•Red  phosphorus 

9*485 
9*600 

•Antimony,  cast ................. 

9*871 

Alloy,  12  bismuth,  1  tin,  cast 

Alloy,  2  antimony,  1  sine, 

cast  „ 

18-67 
22*70 

•Tellurium 

179*8 

•Selenium 

290-0 

Digitized  by  VjOOQIC 


investigations  on  radiant  beat,  to  the  exclusion  of  almost  every 
other  tnermoscopic  means.  When  the  alternate  junctions  of  the 
bars  at  each  end  of  the  pile  were  covered  with  lampblack,  a  coat- 
ing was  obtained  which  absorbed  the  radiations  proceeding  from 
a  surface  the  temperature  of  which  wad  much  below  that  of  the 
human  body ;  even  the  amount  of  radiant  heat  emitted  by  insects 
could  be  estimated  by  connecting  this  battery  with  a  galvanome- 
ter of  extreme  sensitiveness.* 

The  conducting  power  of  red  phosphorus  and  of  selenium  is  so 
alight  that  neither  of  them  can  be  used  for  the  construction  of 
thermo-electric  piles :  that  of  tellurium  is  also  small,  but  it  is 
sufficient  to  admit  of  its  use,  and  its  electro-motive  power,  when 
opposed  thermo-electrically  to  bismuth,  is  so  great,  that  a  pile 
consisting  of  8  pairs  of  these  elements,  where  the  alternate  junc- 
tions are  neated  to  212°,  whilst  the  others  are  cooled  to  32°,  will 
decompose  a  solution  of  sulphate  of  copper;  and  Matthiessen 
estimates  the  electro-motive  force  of  100  pairs  of  such  a  pile  as 
equal  to  that  of  4  cells  of  Daniell's  arrangement. 

(318)  In  connexion  with  these  thermo-electric  effects,  a  curious 
observation  was  made  by  Peltier  {Arm.  de  CMmie,  H.  lvi.  379, 
and  lxxxi.  301) : — when  a  weak  current  of  electricity  was  trans- 
mitted through  a*  compound  bar  of  bismuth  and  antimony,  from 
the  antimony  to  the  bismuth,  as  in  No.  1,  fig.  255,  a  thermome- 
ter, placed  at  the  point  of  junction,  was 
observed  in  one  experiment  to  rise  80° 
F.,  but  when  the  current  was  reversed, 
as  in  No.  2,  the  temperature  fell  6°*5 
F.  In  some  later  experiments,  Peltier 
succeeded  even  in  freezing  water  placed 
in  a  cavity  drilled  at  the  point  of  junc- 
tion of  the  two  metals,  when  the  bar 
was  cooled  to  32°  by  immersion  in 
snow.  When  feeble  currents  of  equal 
intensity  are  transmitted  through  a 
compound  metallic  bar,  whatever  met- 
als be  employed,  there  is  a  difference  in 
the  temperature  at  the  points  of  junc- 
tion, according  to  the  direction  in  which  the  current  is  passing ; 
the  amount  of  the  difference  of  temperature  varying  with  the 
metals  which  are  used.  The  rise  of  temperature  occurs  almost 
uniformly  when  the  current  passes  through  the  two  metals  in  the 
same  direction  as  that  in  which  the  thermo-electric  current  would 
be  produced  by  elevation  of  temperature,  f  For  example,  there 
is  a  rise  of  temperature  when  the  current  passes  from  iron  to 
zinc,  from  iron  to  platinum,  from  iron  to  copper,  from  zinc  to 

*  Melloni  used  a  galvanometer  formed  of  oopper  wire  -fa  of  an  inch  in  diameter,  about 
8  yards  long,  and  arranged  around  the  astatic  needles  in  40  convolutions.  Much  of  the 
sensitiveness  of  the  instrument  depends  upon  the  exact  equality  of  the  magnetization  of 
the  two  needles :  the  compound  needle  should  require  from  55  to  60  seconds  in  order 
to  complete  an  oscillation. 

f  An  exception  is  presented  in  the  case  of  lead  and  copper,  and  tin  and  oopper,  in 
which  the  current  is  towards  the  copper  from  the  heated  metal. 
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copper,  from  copper  to  bismuth,  and  from  antimony  to  copper ; 
but  when  the  current  is  reversed  between  the  same  pairs,  there  is 
either  a  much  smaller  elevation,  or  in  some  cases  even  an  actual 
depression  of  temperature.    This  subject  has  been  discussed  at 

Seat  length  by  Clausius  and  by  Thomson,  in  their  researches  on 
e  mechanical  theory  of  heat. 

§  VII.  Animal  Eubotbictit. 

(319)  Some  fish,  particularly  the  torpedo,  and  the  electrical 
eel  (Gymnotius  dectoricut)  have  the  remarkable  power  of  giving 
electrical  shocks  at  pleasure,  by  means  of  an  apparatus  specially 
adapted  to  the  purpose. 

The  torpedo,  wiich  is  a  species  of  ray,  is  a  flat  fish,  tolerably 
abundant  in  the  Mediterranean ;  it  is  provided  with  two  electrical 
organs  situated  one  on  each  side  of  the  spine  near  the  bead,  occu- 
pying the  whole  thickness  of  the  fish ;  these  organs  are  supplied 
with  large  thick  nerves ;  and  it  has  been  found  that  on  cutting 
these  nerves  all  voluntary  electric  power  ceases :  but  according 
to  Matteucci,  the  irritation  of  that  end  of  the  cut  nerve  which  is 
attached  to  the  organ  in  a  lively  torpedo  occasions  the  electric 
discharge,  and  even  irritation  of  detached  portions  of  the  organ 
produces  contraction  in  the  limb  of  a  frog  recently  killed,  if  the 
crural  nerve  of  the  frog  be  allowed  to  rest  upon  the  organ  of  the 
torpedo.  The  structure  of  the  electrical  organs  is  gelatinous,  and 
the  material  is  divided  by  membranous  septa  into  400  or  500 
columns,  which  have  some  resemblance  to  grains  of  rice  in  ap- 

}>earance ;  these  columns  run  from  the  dorsal  to  the  ventral  sur- 
ace  of  the  fish,  and  are  about  the  thickness  of  a  goose-quill  :  the 
dorsal  surface  is  positive,  the  ventral  negative.  The  electricity  is 
most  strongly  developed  just  at  the  points  where  the  nerves  enter 
the  organ ;  a  powerful  shock  is  received  on  simultaneously  touch- 
ing the  back  and  the  belly  of  the  fish  at  any  part,  but  the  shock 
obtained  is  strongest  immediately  over  the  two  organs.  A  weaker 
shock  is  experienced  on  touching  different  parts  even  of  the  same 
surface,  since  the  electric  charge  differs  in  intensity  at  different 
points  of  the  same  surface.  Frequent  discharges  exhaust  the  ani- 
mal quickly :  the  frequency  of  the  discharge  is  under  the  control 
of  the  animal,  but  not  its  direction.  The  electric  discharges  of 
the  torpedo  are  partly  dissipated  when  the  fish  is  immersed  in 
water  bv  the  conducting  power  of  this  liquid,  and  Matteucci  esti- 
mated that  in  air  the  shock  given  by  the  animal  is  four  times  as 
powerful  as  when  it  is  in  water. 

(320)  In  the  gymnotus,  which  is  a  fresh-water  fish,  tolerably 
abundant  in  the  marshes  of  Surinam,  and  in  the  tributaries  to  the 
Orinoco  there  are  four  electrical  organs,  a  large  and  a  small  one 
on  each  side  running  from  the  head  to  the  tail  of  the  animal. 
These  organs,  like  those  of  the  torpedo,  are  supplied  with  large 
nerves,  and  have  a  membranous  structure,  the  septa  running  in  a 
more  or  less  longitudinal  direction  from  the  head  towards  the  tail. 
The  longer  the  column  that  produces  the  shock,  the  greater  is  the 
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force  of  the  electric  discharge :  the  anterior  portions  of  this  animal 
are  positive  to  the  posterior,  so  that  the  strongest  shocks  are  ob- 
tained by  touching  the  fish  simultaneously  near  the  head  and 
near  the  tail ;  but  shocks  more  or  less  intense  may  be  obtained 
from  any  part  of  the  body,  if  the  hands  be  separated  for  a  short 
distance  in  the  direction  of  the  head  and  tail  of  the  animal; 
scarcely  any  shpck  is  felt  if  the  hands  be  placed  one  on  each  side  of 
the  fish  at  the  same  distances  from  the  head  or  the  tail.  So  great 
is  the  electric  energy  of  the  animal,  that  the  specimen  which  was 
exhibited  in  the  Adelaide  Gallery,  40  inches  in  length,  was  cal- 
culated by  Faraday,  at  each  medium  discharge,  to  emit  as  great 
a  force  as  the  highest  discharge  of  a  Ley  den  battery  of  fifteen  jars, 
exposing  3500  square  inches  of  coated  surface.  Shocks  differing 
in  intensity  with  the  position  of  the  observer  and  his  distance 
from  the  fish,  were  felt  in  all  parts  of  the  tub  which  contained  it ; 
this  tub  was  46  inches  in  diameter.  The  shocks  from  the  gym- 
notus  have  power  sufficient  to  kill  or  to  stun  fish :  the  same  dis- 
charge produces  a  more  powerful  effect  upon  a  large  fish  than  it 
does  upon  a  small  one,  since  the  larger  animal  exposes  a  larger 
conducting  surface  to  the  water  through  the  mass  of  which  the 
electricity  is  passing,  and  consequently  it  receives  a  more  violent 
shock.  On  one  occasion  when  a  live  fish  was  put  into  a  tub,  the 
animal  was  seen  by  Faraday  to  coil  itself  into  the  form  of  a  semi- 
circle, the  fish  lying  across  the  diameter :  this  position  was  the  one 
most  favorable  to  tne  full  effect  of  the  electrical  discharge ;  an  in- 
stant afterwards  the  fish  floated  motionless  upon  its  side,  deprived 
of  life  by  the  shock  it  had  received,  and  was  then  speedily  de- 
voured by  the  gymnotus. 

The  shock  of  both  the  torpedo  and  the  gymnotus  gives  rise  to 
momentary  currents  sufficient  to  deflect  the  galvanometer,  to 
magnetize  a  needle,  and  to  decompose  iodide  of  potassium :  from 
both  species  sparks  have  also  been  obtained  between  two  insulated 
gold  leavesproperly  connected  with  the  fish. 

(321)  The  MvacuUw  Current  in  Lwmg  Animals. — The  re- 
searches of  Matteucci  have  shown  that  in  the  living  animal  an 
electrical  current  is  perpetually  circulating  between  the  internal 
portion  of  a  muscle  and  its  external  surface ;  this  current  is  due 
probably  to  the  chemical  actions  which  are  produced  by  the  vital 
changes  which  are  continually  occurring  in  the  organic  tissue. 
The  muscular  current^  as  it  has  been  termed,  ceases  to  manifest 
itself  in  warm-blooded  animals  in  a  very  few  minutes  after  the 
life  of  the  entire  animal  has  terminated ;  but  in  cold-blooded  ani- 
mals, and  especially  in  the  frog,  \\  continues  for  a  much  longer 
period.  Vital  contractility  also  continues  in  these  animals  for  a 
longer  period  than  in  the  higher  orders  of  the  vertebrata,  and  hence 
the  frog  has  been  extensively  employed  in  researches  of  this 
description. 

The  following  is  one  of  the  forms  of  experiment,  devised  by 
Matteucci,  to  show  the  existence  of  the  muscular  current : — Five 
or  six  frogs  are  killed  by  dividing. the  spinal  column  just  below 
the  head ;  the  lower  limbs  are  removed,  and  the  integuments 


488  MAGNETIC  POLARIZATION  OF  LIGHT, 

stripped  off  them ;  the  thighs  are  next  separated  from  the  legs  at 
the  Knee-joint,  and  are  cat  across  transversely.  The  lower  halves 
of  these  prepared  thighs  are  then  placed  upon  a  varnished  board, 
and  so  arranged  that  the  knee-joint  of  one  limb  shall  be  in  con- 
tact with  the  transverse  section  of  the  next,  and  thus  a  muscular  % 
pile  is  formed  consisting  of  ten  or  twelve  elements ;  the  terminal 
pieces  of  this  pile  are  each  made  to  dip  into  a  separate  small  cavity 
m  the  board,  in  which  a  little  distilled  water  is  placed.  If  thle 
wires  of  a  sensitive  galvanometer  be  attached  to  a  pair  of  platinum 
plates,  and  these  plates  be  plunged  simultaneously  one  into  each 
cavity  in  connexion  with  the  muscular  pile,  a  deviation  of  the 
galvanometer  needle  will  be  observed  in  a  direction  which  indi- 
cates the  existence  of  a  current  passing  from  the  centre  or  cut 
transverse. surface  of  the  muscle  towards  its  exterior. 

Dubois  Reymond,  by  the  use  of  still  more  sensitive  instru- 
ments, has  shown  that  even  the  smallest  shreds  of  muscular  tissue 
exhibit  proof  of  the  existence  of  such  a  current,  and  the  conclu- 
sion which  he  draws  from  his  experiments  is  the  following : — Any 
point  of  the  natural  or  artificial  longitudinal  section  of  a  muscle 
is  positive  in  relation  to  any  point  of  the  natural  or  artificial 
transverse  section. 

Interesting  as  this  subject  is  in  a  chemical  point  of  view,  in 
connexion  with  the  changes  which  take  place  in  the  circulating 
fluids,  it  would  be  irrelevant  to  our  present  purpose  to  pursue  it 
further.  The  question  belongs  more  properly  to  the  physiologist 
than  to  the  chemist ;  and  the  reader  who  desires  JJiller  information 
upon  this  branch  of  inquiry  is  referred  to  the  various  papers  of 
Matteucci  in  the  Annates  de  Chimie,  and  the  Philosophical 
Transactions,  and  to  the  work  of  Dubois  Reymond,  or  to  the 
more  recent  systematic  treatises  on  physiology. 

§  VIII.  Magnetic  Polarization  of  Light — Diaiiagnetisic 

(322)  Influence  of  Magnetism  on  Polarized  Light  transmitted 
through  UhcryetaUized  Transparent  Bodies. — Allusion  has  been 
already  made  (127)  to  a  peculiar  kind  of  polarization  to  which 
light  is  subject,  when  transmitted  through  certain  transparent 
media,  which  are  under  the  influence  of  magnets  of  high  power. 
Some  transparent  bodies  are  better  fitted  than  others  to  exhibit 
this  phenomenon.  Some  years  ago  Faraday  prepared  a  peculiar 
kind  of  glass  for  optical  purposes ;  it  consisted  of  a  mixture  of 
silicate  and  borate  of  lead,  and  was  much  denser  than  ordinary 
flint  glass :  this  glass  is  particularly  well  adapted  to  display  the 
effects  of  magnetic  polarization.  Let  a  piece  of  this  glass  which 
has  been  properly  annealed  be  cut  into  the  form  of  a  rectangular 
bar  or  prism,  terminated  by  flat  parallel  faces,  and  let  it  be  placed 
between  the  poles  of  a  powerful  electro-magnet  not  in  action,  the 
axis  of  the  prism*  being  parallel  to  a  line  which  joins  the  two 
poles — in  fact  in  the  direction  of  the  keeper  of  a  horse-shoe  mag- 
net. A  ray  of  polarized  light  mav  be  transmitted  along  the  axis 
of  the  glass  bar,  and  if  examined  by  an  analysing  plate  in  the 
usual  manner  (120)  the  light  will  disappear  when  tue  plane  of 
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reflection  from  the  analysing  plate  is  at  right  angles  to  the  plane 
of  polarization.    If,  now,  whilst  the  polarized  ray  is  at  the  point 
of  maximum  obscuration,  the  soft  iron  be  magnetized  by  the  ac- 
tion of  the  battery,  the  light  will  instantly 
reappear,  and  if  white  light  be  used,  the  Fxa«  2M- 

reflected  ray  will  be  coloured.     The  mo-  ffi 

ment  that  the  connexion  with  the  battery  is 
broken,  the  light  will  disappear ;  but  it  will 
again  become  visible  each  time  that  the  iron 
is  rendered  magnetic.    If  the  north  end  of 
the  magnet  be  towards  the  observer,  the     {J0r1        ^Jfa 
rotation  of  the  plane  of  polarization  is  to 
the  right,  as  represented  in  fig.  256,  No.  1 ;  but  if  the  direction 
of  the  magnetism  be  reversed,  so  that  the  south  end  is  nearest  the 
observer,  the  rotation  is  to  the  left,  as  in  No.  2. 

Different  bodies,  when  placed  between  the  poles  of  an  electro- 
magnet, possess  this  property  of  causing  the  ray  .to  rotate  in  dif- 
ferent degrees,  but  all  singly  refracting  solids  and  liquids  manifest 
it :  in  magnetized  gases,  and  m  vacuo,  no  such  effects  have  been 
discovered.  The  extent  of  the  rotation  is,  ccBteris  paribus,  directly 
as  the  intensity  of  the  magnetism,  and  as  the  length  of  the 
medium  traversed  by  the  ray.  By  placing  the  transparent  bodies 
in  the  axis  of  a  coil  of  wire  conveying  an  electric  current,  the 
same  effects  are  produced,  but  in  a  lower  degree :  the  more 
numerous  the  coils  of  the  helix,  and  the  longer  the  column  of  the 
transparent  body  which  is  traversed  by  the  ray,  the  greater  is  the 
extent  of  the  rotation.  When  an  electric  current  passes  round  a 
ray  of  polarized  light,  in  a  plane  perpendicular  to  the  direction 
of  the  ray,  it  causes  rotation  of  the  ray  in  the  same  direction  as 
that  in  which  the  current  is  passing.  The  interposition  of  bodies 
which  are  not  susceptible  of  magnetism,  between  the  coils  of  the 
helix  and  the  transparent  body  placed  in  its  axis,  does  not  sensi- 
bly affect  the  polarizing  action,  but  the  interposition  of  a  hollow 
iron  core  between  the  helix  and  the  transparent  body  in  its  axis, 
in  some  cases  greatly  heightens  the  effect,  in  others  it  neutralizes 
it,  the  rotatory  influence  varying  with  the  thickness  of  the  core. 

Matteucci  found  that  by  elevating  the  temperature  of  a  bar 
of  heavy  glass  to  about  600°,  the  rotatory  power  was  increased 
by  about  one-third,  when  compared  with  the  effect  of  the  same 
bar  at  ordinary  temperatures.  Bertin  (Ann.  de  CAimie,  III.  xxvii. 
81)  gives  the  following  rotatory  power  for  columns  of  equal  length 
of  various  bodies  at  ordinary  temperatures,  assuming  that  of 
heavy  glass  as  equal  to  1 : — 

Heavy  glass 1*00 

Perchlorideoftin 0-77 

Bisulphide  of  carbon \    .  0*74 

Terchloride  of  phosphorus    .    .    .    •    .  0*51 

Water 0-25 

Alcohol  (sp.  gr.  0-850) 0-18 

Ether 0-15 
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The  salts  of  calcium,  of  zinc,  and  of  magnesium,  as  well  as 
many  other  saline  substances,  increase  the  rotatory  power  of  wa- 
ter, when  added  to  it,  the  effect  being  proportioned  to  the  strength 
of  the  solution.  Verdet  has  determined  t>y  careful  measurement 
(Ann.  de  Chimie,  III.  lii.  129)  the  extent  to  which  this  rotatory 
power  is  possessed  by  various  bodies  in  solution ;  and  the  same 
observer  has  shown  that  the  addition  of  a  salt  of  iron  to  water 
diminishes  the  rotatory  power  of  the  liquid ;  an  aqueous  solution 
of  perchloride  of  iron,  containing  40  per  cent  of  the  salt,  gives  a 
negative  rotation,  which  is  five  or  six  times  as  powerful  as  the 
positive  rotation  possessed  by  water.  Salts  of  chromium,  titan- 
ium, cerium,  uranium,  and  lanthanum  produce  a  similar  effect ; 
whilst  the  salts  of  nickel  and  cobalt,  which  are  also  magnetic, 
produce  *  positive  effect,  and  increase  the  ordinary  rotatory  pow- 
er. Ferrocyanide  ofpotassium,  although  it  contains  iron,  exerts 
a  positive  rotatory  effect. 

Bodies,  such  as  oil  of  turpentine,  which  naturally  produce 
coloured  circular  polarization  (126)  have  the  power  exalted,  anni- 
hilated, or  reversed,  according  to  the  direction  and  intensity  of 
the  electric  current  which  is  transmitted  through  the  coil.  The 
polarization  produced  by  magnetism  differs  from  the  ordinary 
coloured  circular  polarization  shown  by  oil  of  turpentine  in  this 
remarkable  particular — viz.,  that  the  magnetic  rotation  is  always 
in  the  same  direction  as  that  of  the  current  which  circulates 
around  the  coil. 

Let  c  d9  fig.  257,  represent  a  vessel  filled  with  oil  of  turpentine 
*  endowed  with  right-handed  rotation,  and  let 
Fio.  257.  a  J  be  a  polarized  ray.    If  the  ray  proceed 

from  a  to  the  observer  at  J,  the  rotation  will 
of  course  appear  to  be  right-handed  to  him, 
as  shown  by  the  circle,  c ;  and  if  from  &  to  a, 
the  rotation  will  still  appear  to  be  right-hand- 
ed to  the  observer  at  0,  as  shown  by  the  cir- 
cle, d.  If  now  a  current  be  passed  round  e 
tf,in  the  direction  of  the  circular  arrow  at  <?, 
the  rotation  to  the  observer  at  h  will  appear  to 
be  increased;  while  to  an  observer  at  a  it 
will  appear  to  be  neutralized  or  reversed. 
^  (823)^  Magnetism  of  Bodies  in  general. — It  was  formerly  im- 
agined since  iron  was  susceptible  of  magnetism  in  a  high  degree, 
nickel  in  an  inferior  degree,  and  cobalt  in  a  degree  still  less,  that 
all  other  substances  might  also  be  magnetic,  although  to  an  ex- 
tent so  minute  as  to  dude  the  ordinary  means  of  observation. 
Moreover,  as  experiment  had  proved  that  a  reduction  of  tempera- 
ture exalts  the  magnetic  power  of  iron  and  of  nickel,  it  seemed 
not  unreasonable  to  anticipate  that  by  extreme  depression  of  tem- 
perature a  point  might  be  attained  at  which  every  species  of  mat- 
ter would  show  itself  obedient  to  the  magnet.  Experiments  made 
upon  this  subject  at  very  low  temperatures  have  not,  however, 
justified  these  expectations.    The  employment  of  magnets  of  un- 
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Fio.  258. 


usual  power  has,  on  the  other  hand,  revealed  the  existence  of  a 
susceptibility  to  this  force  in  cases  where  under  ordinary  circum- 
stances it  had  not  been  observed.    (Faraday,  Phil,  Trans.  1846.) 

Before  adverting  to  these  experiments,  it  will  be  advisable  to 
define  clearly  the  different  parts  of  the  space  between  the  two 
poles  where  the  magnetic  action  is  manifested.  Let  us  suppose 
that  we  are  looking  down  upon  the  poles,  x,  s  (fig.  258),  of  a 
powerful  horse-shoe  magnet ;  the  space  be- 
tween them  has  been  termed  by  Faraday  the 
magnetio  field ;  the  line,  a  x,  will  give  the 
direction  of  its  axis;  the  line,  e  q,  which  is 
in  the  same  horizontal  plane,  but  at  right 
angles  to  a  x,  will  form  the  equator  of  the  mag- 
netic field.  A  bar  of  iron  suspended  bv  its 
centre  above  Buch  a  magnet,  will  take  a  hori- 
zontal direction  parallel  to  the  axis,  a  x,  and 
is  said  to  point  axially.  By  using  electro- 
magnets or  enormous  power  (803)  manv  bodies  not  usually  re- 
puted to  be  magnetic  will  take  the  axial  position  like  a  bar  of 
iron.  For  example,  if  an  elongated  fragment  of  hematite,  or  red 
oxide  of  iron,  which  is  indifferent  to  a  common  magnet,  be  sus- 
pended horizontally  at  its  centre  by  a  few  flares  of  silk  between 
the  poles  of  such  an  electro-magnet,  it  will  point  axially  ;  even 
a  sheet  of  writing-paper  rolled  up  so  as  to  form  a  short  cylinder 
will,  usually,  owing  to  the  small  quantity  of  iron  or  of  cobalt  that 
it  contains,  assume  a  similar  direction. 

Faraday  has  found  as  a  general  rule  that  the  salts  of  the  mag- 
netic metals  are  themselves  magnetic,  provided  that  these  metals 
enter  into  the  base  of  the  salts.  For  instance,  crystals  of  green 
sulphate  of  iron  placed  in  a  thin  glass  tube,  which  is  not  mag- 
netic, will  cause  the  tube  to  point  axially.  Such  salts  preserve 
their  magnetic  properties  even  when  dissolved  in  water :  if  the 
solution  be  placed  in  a  glass  tube  of  the  form  shown  in  fig.  asf n 
the  tube,  when  suspended  by  a  loop  of  copper 
wire  and  a  few  fibres  of  raw  silk,  will  take  an 
axial  position  between  the  poles  of  the  magnet. 
Solutions  of  sulphate  of  nickel  and  of  sulphate 
of  cobalt  act  in  a  manner  similar  to  the  solu- 
tions of  the  salts  of  iron.  The  pure  salts  of 
chromium  and  of  manganese  have  in  like  manner  proved  to  be 
magnetic,  and  hence  these  metals  themselves  are  inferred  to  be 
so,  although,  from  the  high  temperature  required  to  reduce  them 
to  the  metallic  condition,  it  is  almost  impossible  to  obtain  them 
in  such  a  state  of  chemical  purity  as  would  enable  the  fact  to  be 
verified  by  experiments  upon  the  metals  themselves  in  an  un- 
combined  state. 

(324)  JHamagnetism.'-^All  the  magnetic  bodies  mentioned 
above  are  attracted  indifferently  by  either  magnetic  pole ;  and, 
if  of  elongated  form,  they  place  themselves  with  their  longest 
diameter  in  the  axial  direction  when  suspended  by  their  centre 
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between  two  contrary  magnetic  poles.  It  is,  however,  far  from 
being  true  that  all  substances  are  magnetic.  Bodies  exist  which, 
when  brought  near  to  a  magnetic  pole,  are  repelled  instead  of 
being  attracted :  such  substances  have  been  termed  diamagnetic*. 
If  a  straw  (s,  fig.  260)  be  suspended  horizontally  by  a  silk  fibre, 
and  firom  one  extremity  of  the  straw  a  small  piece 
of  phosphorus,  p,  be  supported  in  a  ring  of  fine 
copper  «wire,  repulsion  of  tbe  phosphorus  will  be 
produced  indifferently  by  either  pole.  In  such  an 
experiment  it  will  be  found  convenient  to  place  a 
soft  iron  armature,  bevelled  off  to  a  blunt  point, 
upon  the  pole  of  the  magnet,  in  order  to  concen- 
trate the  power,  because  the  repulsive  force  is  very 
feeble  when  compared  with  the  attractive  power 
developed  in  iron.  If  a  stick  of  phosphorus  be 
suspended  between  the  two  poles  of  the  electro- 
magnet, it  takes  the  equatorial  position,  assuming 
a  direction  at  right  angles  to  that  of  a  bar  of  iron, 
the  phosphorus  being  repelled  by  each  pole  to  the 
greatest  distance  possible.  Phosphorus,  it  will 
be  observed,  is  a  non-conductor  of  electricity ;  but 
some  qf  the  metals,  of  which  bismuth  and  antimo- 
ny are  the  most  remarkable,  exhibit  this  repulsive  action  in  a  still 
higher  degree.  Substances  of  an  organic  nature,  such  as  slices  of 
wood,  apple,  potato,  or  flesh,  likewise  show  this  diamagnetic 
power,  though  not  strongly.  In  fact,  all  bodies  which  are  not 
magnetic,  exhibit  diamagnetic  properties.  Owing  to  the  feeble 
amount  of  these  repulsive  actions,  it  is  necessary  to  screen  the 

objects  under  experiment  from'  the 
influence  of  currents  of  air,  by  sur- 
rounding them  with  a  glass  case,  as 
represented  in  fig.  261,  in  which  b 
represents  a  bar  of  bismuth,  or  other 
diamagnetic  body,  delicately  sus- 
pended by  a  few  fibres  of  nnspun 
silk,  e.  The  bismuth  bar  is  shown  in 
the  equatorial  position  between  the 
two  poles  of  the  electro-magnet, 
which  project  through  apertures 
made  for  their  reception  in  the 
table. 

(325)  Diamagnetism  of  Oases. — 
The  earlier  experiments  upon  the 
gases,  owing  to  the  very  small 
amount  of  ponderable  matter  to  be 
acted  upon,  gave  results  which 
seemed  to  prove  that  they  were  in- 
different to  the  influence  of  the  mag- 
net ;  but  subsequent  researches  have  shown  that  even  the  differ- 
ent gases  and  vapours  are  susceptible  of  the  diamagnetic  influ- 
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DIAMAGNETISM  OF  GASES.  498 

ence  in  a  degree  which  varies  with  the  nature  of  the  gas.  (Fara- 
day, Phil.  Mag.  1847,  xxxi.  p.  401.) 

The  gases  upon  which  experiments  were  made  by  Faraday 
appear  to  stand  in  the  following  order,  beginning  with  those 
which  are  least  diamagnetic : — atmospheric  air,  nitric  oxide,  nitro- 
gen, carbonic  acid,  nitrons  oxide,  carbonic  oxide,  hydrogen,  coal 
gas,  defiant  gas,  hydrochloric  acid,  ammonia,  and  chlorine. 

Elevation  of  temperature  exalts  the  diamagnetic  condition, — 
a  stream  of  hot  oxygen  appearing  to  be  diamagnetic  in  an  atmos- 
phere of  cold  oxygen.  A  similar  result  was  obtained  with  all 
such  gases  as  were  compared  with  each  other  at  high  and  at  low 
temperatures.  On  the  other  hand,  depression  of  temperature 
lowers  the  diamagnetic  force,  so  that  a  current  of  cooled  gas  when 
allowed  to  flow  into  a  warmer  atmosphere  of  the  same  kind, 
takes  an  axial  position  in  the  magnetic  field.  If  a  stream  of  one 
gas  be  allowed  to  escape  into  an  atmosphere  of  a  second  gas  more 
diamagnetic  than  itself,  the  less  diamagnetic  gas  takes  the  axial 
position  ;  when  atmospheric  air,  for  instance,  is  made  to  flow  into 
coal  gas,  the  air  takes  the  axial  or  magnetic  position  between  the 
poles;  though  air  itself  would  take  the  equatorial  position  in 
oxygen  gas.  The  diamagnetism  of  gases  was  first  indicated  in  an 
experiment  by  Bancalari :  he.  found  that  the  flame  of  burning 
bodies  was  influenced  by  the  action  of  a  powerful  electro-magnet. 
This  effect  is  beautifully  exhibited  by  simply  placing  the  flame  of 
a  taper,  or  of  any  combustible  substance,  between  the  poles  of 
the  magnet,  when  in  action ;  the  flame  appears  to  be  repelled 
towards  either  side  by  the  poles,  and  if  the  magnet  be  sufficiently 

Eowerful,  the  flame  divides  into  two  streams .  which  pass  off 
orizontally,  one  on  either  side,  in  the  equatorial  direction.  If 
the  taper  be  extinguished,  whilst  the  wick  still  continues  to  glow, 
the  ascending  column  of  Bmoke  when  placed  between  the  poles 
of  the  magnet  exhibits  these  motions  equally  well. 

The  following  simple  contrivance  was  employed  by  Faraday 
to  show  the  position  assumed  by  the  different  cases.  A  bent 
tube  conveyed  the  gas  for  experiment  in  a  very  wow  but  contin- 
uous stream  into  the  centre  of  the  magnetic  field ;  generally  a 
piece  of  paper,  moistened  with  a  solution  of  ammonia,  was  placed 
m  the  bent  tube.  Supposing  the  gas  to  bq  lighter  than  air,  three 
wide  glass  tubes,  open  at  each  end,  and  three  or  four  inches  long, 
were  suspended  with  their  lower  aper-  _. 

tures  in  the  equatorial  line,  as  represented  °" 

in  fig.  262,  with  the  middle  tube  just 
above  the  bent  tube  for  the  delivery  of 
the  gas.  In  each  tube  a  piece  of  paper 
moistened  with  hydrochloric  acid  was 
suspended.  The  whole  was  screened 
from  currents  of  air  by  plates  of  glass. 
So  long  as  the  iron  was  not  magnetized, 
the  gas  flowed  readily  up  the  axis  of 
the  middle  tube ;  but  on  bringing  the  electro-magnet  into  action, 
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the  gas,  instead  of  passing  directly  up  the  central  tube,  was,  when 
more  diamagnetic  than  air,  diverted  into  each  of  the  side  tubes; 
and  the  currents  were  rendered  visible  by  the  white  fames  pro- 
duced when  the  ammonia  carried  by  the  gas  came  into  contact 
with  the  vapours  of  the  acid  contained  in  the  tube.  If  the  gas 
under  experiment  were  heavier  than  atmospheric  air,  the  position 
of  all  the  tubes  was  inverted,  and,  in  place  of  ascending  currents, 
descending  currents  were  obtained.  The  action  of  the  magnet 
upon  the  different  gases  was  also  shown  by  blowing  soap  bubbles, 
filled  with  each  gas  for  trial,  upon  the  end  of  a  capillary  tube, 
and  bringing  the  suspended  bubble  near  to  the  pole  of  the  mag- 
net ;  on  completing  the  circuit  the  bubble  was  attracted  or  re> 
polled  according  as  the  gas  was  magnetic  or  diamagnetic. 

By  suspending  a  feebly  magnetic  glass  tube,  attached  to  the 
thread  of  a  delicate  torsion  balance,  between  the  magnetic  polei 
successively  in  oxygen  and  in  vacuo,  E.  Becquerel  (Ann.  de 
Chvmie,  III.  xxviii.  324)  found  that  the  tube  was  less  strongly  at- 
tracted in  oxygen  than  in  the  exhausted  receiver,  and  by  varying 
the  experiment  in  different  ways  he  succeeded  in  proving  that 
oxygen  is  a  decidedly  magnetic  body ;  he  has  calculated  that  a 
cubic  metre  of  oxygen,  which  at  32°  F.  and  29*92  inches  Bar. 
weighs  22015  grains,  if  it  were  condensed  till  it  had  a  specific 
gravity  equal  to  that  of  iron,  would  act  upon  a  magnetic  needle, 
with  a  force  equal  to  that  of  a  little  cube  of  iron  weighing  8J 
grains ;  or  that  the  magnetism  of  oxygen  is  to  that  of  metallic 
iron  as  1 :  2647.  He  computes  that  the  magnetic  effect  of  the 
oxygen  in  the  air  is  equal  to  that  of  a  shell  of  metallic  iron  7}T 
of  an  inch  in  thickness  surrounding  the  globe  of  the  earth. 

Thfe  fact  of  the  magnetism  of  oxygen  was  first  suggested  by 
Faraday  (Phil.  Mag.,  1847)  and  was  amply  proved  by  him 
(Phil.  Trans.,  1851,  p.  23),  independently  of  Becquerel.  He  has 
further  ascertained  that,  like  iron,  it  loses  its  magnetism  when 
strongly  heated,  but  recovers  it  when  the  temperature  falls.  In 
this  diminution  in  magnetic  intensity  as  the  temperature  rise^  he 
considers,  probably  lies  the  explanation  of  the  diurnal  variations 
of  the  needle,  the  cause  of  which  has  so  much  perplexed  magnetic 
observers :  the  explanation  is,  however,  not  regarded  as  adequate 
by  some  eminent  magneticians. 

(326)  The  following  table  contains  a  list  of  various  sub- 
stances, arranged  in  the  order  of  their  magnetic*  and  diamagnetic 
powers,  as  approximately  determined  by  Faraday : — 

*  Faraday  regards  all  substances  as  magnetic,  and  designates  those  substances  gen- 
erally termed  magnetic,  as  paramagnetic,  in  contradistinction  to  those  which  are  <fi» 
magnetic. 
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Magnetic. 

Iron 

Nickel 

Cobalt 

Manganese 

Chromium 

Cerium 

Titanium 

Palladium 

Crown  glass 

Platinum 

Osmium 

Oxygen 


Nitrogen. 


Diamagnetic. 

Bismuth 

Phosphorus 

Antimony 

Zinc 

Silico-borate  of  lead 

Tin 

Cadmium 

Sodium 

Flint  glass 

Mercury 

Lead 

Silver 

Copper 

Water 

Gold 

Alcohol 

Ether 

Arsenic 

Uranium 

Rhodium 

Iridium 

Tungsten 


It  is  worthy  of  particular  remark  that  the  same  substance 
may  appear  to  be  either  magnetic  or  diamagnetic  according  to 
the  nature  of  the  medinm  in  which  it  is  placed.  If  a  glass  rod 
be  suspended  horizontally  in  a  vessel  of  water  which  is  a  strongly 
diamagnetic  body,  it  will  point  axially,  like  a  rod  of  iron ;  where- 
as the  same  rod,  if  suspended  in  a  solution  of  sulphate  of  iron 
which  is  magnetic,  will  point  in  the  equatorial  direction.  In  like 
manner  a  tufce  containing  a  solution  of  sulphate  of  iron  will  in 
pure  water  seem  to  be  magnetic,  while  in  a  still  stronger  solution 
of  the  sulphate  it  will  act  as  a  diamagnetic  substance ;  just  as  a 
soap  bubble  filled  with  carbonic  acid,  which  is  heavier  than  air, 
will  fall  to  the  ground,  while  if  filled  with  hydrogen,  which  is 
much  lighter  than  the  atmosphere,  it  will  ascend. 

Air,  in  consequence  of  its  containing  oxygen  in  an  uncombined 
condition,  is  a  magnetic  substance. 

(327)  The  same  Memento  in  combination  may  le  Magnetic  or 
Diamagnetic  according  to  the  nature  of  the  Compound. — One  of 
the  most  interesting  peculiarities  of  diamagnetism  is  exhibited  in 
the  circumstance  that  the  same  body  may  assume  the  magnetic 
or  the  diamagnetic  state  according  to  the  nature  of  the  compound 
which  it  forms.  A  metal  may,  for  example,  occur  as  the  basis  or 
electro-positive  constituent  of  a  compound,  or  it  may  enter  into 
the  composition  of  those  substances  which  form  the  acid  or  elec- 
tro-negative constituent  of  the  compound.  A  good  illustration 
of  the  difference  thus  produced  occurs  in  the  case  of  iron.    Iron 
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acts  as  a  base  in  the  crystals  of  green  vitriol  (JR&Sr04+7H10)  of 
which  the  metal  forms  about  a  fifth  by  weight,  and  it  gives  to 
them  a  decidedly  magnetic  power;  bat  in  the  yellow  ferrocy- 
anide  of  potassium  (K4jR?Cy§+ 3Ht0),  which  also  contains  iron, 
to  the  extent  of  more  than  an  eighth  of  its  weight,  the  crystals 
are  diamagnetic.  The  iron  in  this  case  occutb  in  the  electro-nega- 
tive constituent  of  the  salt,  and  not  as  a  base.*  In  the  same 
way,  acid  chromate  of  potassium  (^CrO^CrO^  where  the  chro- 
mium forms  part  of  the  acid,  is  diamagnetic,  while  the  sulphate 
of  chromium  (CrfiSO^  where  the  metal  acts  as  a  base,  is  deci- 
dedly magnetic.  Some  of  the  compounds  of  cobalt  exhibit  anal- 
ogous differences. 

(328)  Influence  of  Structure  on  Diamagnetitm. — In  prose- 
cuting this  subject,  Tyndall  and  Knoblauch  (PhU.  Mag.,  1850, 
vol.  xxxvL  p.  178,  and  xxxvii.  p.  1)  have  been  led  to  the  conclu- 
sion that  a  substance  may  appear  to  be  either  magnetic  or  dia- 
magnetic according  to  the  arrangement  of  its  component  parti- 
cles. It  must  not,  however,  be  supposed  that  there  is  not  a  real 
distinction  between  the  two  classes  of  substances  ^but  that,  under 
certain  circumstances,  a  truly  magnetic  body  may  appear  to  be 
diamagnetic  and  a  body  truly  diamagnetic  may  appear  to  be 
magnetic.  The  following  experiment  may  be  cited  in  order  to 
explain  this  point.  X  small  nat  circular  disk  was  prepared  with  a 
paste  of  wheaten  flour ;  and  in  this  disk  a  number  of  short  pieces 
of  iron  wire  were  placed,  all  parallel  to  each  other,  and  all  pass- 
ing from  one  surface  of  the  disk  to  the  other,  perpendicularly  to 
its  two  faces.  This  disk  was  suspended  from  a  fibre  of  silk,  by 
its  edge,  in  a  vertical  direction,  between  the  poles  of  an  electro- 
magnet; but  though  it  was  undoubtedly  magnetic,  the  plate 
placed  itself  with  its  faces  parallel  to  the  equator  of  the  magnetic 
field.  Each  of  the  short  pieces  of  wire,  however,  had  assumed 
the  axial  position,  although  the  disk  as  a  whole  arranged  itself  in 
a  diamagnetic  position. 

When  a  similar  disk  was  prepared  in  which  threads  of  bis- 
muth were  substituted  for  the  iron  wire,  the  disk  placed  itself  in 
the  magnetic  direction  with  its  faces  parallel  to  the  axis  of  the 
magnetic  field.  The  bismuth,  however,  is  unquestionably  dia- 
magnetic, and  each  of  the  pieces  of  this  metal  which  the  plate 
contains  assumes  the  diamagnetic  direction. 

The  conclusion  which  Tyndall  and  Knoblauch  draw  from 
these  experiments  is,  that  if  in  a  magnetic,  or  in  a  diamagnetic 
mass,  there  be  one  particular  direction  in  which  the  particles 
which  compose  it  are  more  closely  approximated  to  each  other 
than  in  any  other  direction,  'the  line  which  corresponds  to  this 
direction  of  greatest  density  will  be  the  one  in  wnich  the  mag- 
netic or  diamagnetic  action  is  most  strongly  marked.  One  of 
the  experiments  made  in  support  of  this  view  is  the  following : — 

•  It  is,  however,  remarkable  that  the  red  ferricyanide  of  potassium  ia,  acconSng  to 
Tracker's  observation,  distinctly,  though  feebly,  magnetic.  Faraday  enumerates  it 
among  the  diamagnetic  class. 
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Powdered  bismuth  was  formed  by  means  of  gam-water  into  a 
•mass  sufficiently  coherent  to  be  worked  into  a  small  cylindrical 
bar  abont  an  inch  long  and  a  quarter  of  an  inch  thick.  When 
this  cylinder  was  suspended  by  its  centre  in  a  horizontal  direction 
between  the  poles  of  the  electro-magnet,  it  pointed  eqnatorially  as 
an  ordinary  bar  of  bismuth  would  have  done ;  but  when  this  same 
cylinder  was  compressed  laterally,  so  as  to  form  a  flat  plate,  it 
assumed  a  direction  with  its  face  parallel  to  the  axial  position, 
though  its  length  in  some  cases  was  ten  times  as  great  as  its 
thickness. 

Again,  carbonate  of  iron  is  a  magnetic  body :  if  reduced  to 
fine  powder  and  formed  into  a  cylinder  similar  to  that  made  with 
the  bismuth,  it  will  point  axially,  or  like  a  magnet,  between  the 
poles ;  but  if  compressed  into  a  plate,  this  plate  will  set  with  its 
faces  parallel  to  the  equatorial  direction.  Here,  in  each  case, 
thcfeb  parts  in  which  the  particles  of  the  bismuth,  or  the  salt  of 
iron,  are  by  compression  Drought  the  nearest  to  each  other,  are 
those  in  which  the  diamagnetic  or  the  magnetic  action  predomi- 
nates. It  is  by.  an  application  of  this  principle  that  Tyndall  and 
Knoblauch  account  for  the  fact  discovered  by  Pliicker,  that  in 
all  crystalline  bodies  belonging  to  those  systems  which  exercise  a 
doubly  refractive  influence  on  light,  the  optic  axis  assumes  a  defi- 
nite direction  under  the  influence  of  the  electro-magnet.  Assum- 
ing that  the  optic  axis  of  a  crystal  is  the  direction  in  which  the 
particles  of  the  crystal  have  experienced  the  greatest  degree  of 
condensation,  the  effects  obtained  by  experiment  admit  of  expla- 
nation. The  position  assumed  by  tne  optic  axis  is  not  uniformly 
the  same  in  different  specimens  of  the  same  substance,  though  in 
the  same  specimen  it  is  always  the  same.  For  example :  Iceland 
spar,  when  pure,  is  a  diamagnetic  substance ;  but,  if  it  contain 
carbonate  of  iron,  it  exhibits  magnetic  properties.  In  the  course 
of  their  researches,  Tyndall  and  Knoblauch  took  pieces  from  sev- 
eral specimens  of  Iceland  spar,  some  of  which  were  magnetic, 
others  diamagnetic.  These  different  samples  were  cut  in  the 
form  of  disks,  or  flat  circular  plates,  the  surfaces  of  which  were 
parallel  to  the  optic  axis  of  the  crystals.  When  the  disks  were 
suspended  horizontally  at  their  centres  between  the  poles  of  an 
electro-magnet,  so  that  the  optic  axis  of  the  crystal  was  in  a  hori- 
zontal plane,  each  disk  always  assumed  a  determinate  direction. 
When  the  disk  was  taken  from  a  magnetic  crystal,  the  optic  axis 
placed  itself  axially  between  the  poles ;  when  from  a  diamagnetic 
crystal,  the  optic  axis  assumed  the  equatorial  direction.  Thus  it 
appears,  that  whether  the  crystal  be  magnetic  or  diamagnetic, 
the  action  is  exhibited  in  each  case  most  powerfully  in  the  direc- 
tion of  the  optic  axis,  which  is  assumed  to  be  the  line  in  which 
the  particles  are  most  closely  approximated  to  each  other.  Far- 
aday has  shown  that  the  directive  force  of  the  crystal,  whether 
magnetic  or  diamagnetic,  diminishes  as  the  temperature  rises. 

(329)  Law  of  iHamagnetic  Repulsion. — It  has  been  ascer- 
tained by  £.  Becquerel  and  by  Tyndall,  that  the  diamagnetic  re- 
pulsion, as  measured  by  means  of  the  torsion  balance,  is  as  the 
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square  of  the  intensity  of  the  current.  The  phenomena  of  dia- 
magnetism  may  be  accounted  for,  as  was  remarked  by  Faraday, 
on  the  supposition  that  electric  currents  are  circulating  around 
the  particles  of  the  diamagnetic  body  in  a  direction  the  reverse 
of  those  which  are  supposed  to  exist  in  magnetic  bodies,  though 
he  was  unable  to  satiny  himself,  by  experiment,  of  the  existence 
of  such  polarity ;  but  the  experiments  of  Reich,  of  Weber,*  and 

•  The  principle  of  Weber's  beautiful  apparatus,  with  which  Tyndall's  decisive  ex- 
periments were  made,  will  be  understood  without  difficulty.  Let  h,  h'  (fig.  263)  repre- 
sent two  similar  vertical  helices  of  copper  wire ;  a,  6,  e,  d,  two  bars  of  bismuth  cr 
other  diamagnetio  bod y  attached  to  cords  which  pass  over  the  wheels  w,  w*,  so  thai 
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they  can,  by  snoring  one  of  the  wheels,  be  placed,  at  pleasure,  in  either  of  the  positions 
shown  in  fig.  265, 1  and  2.  n*  represents  one  of  a  pair  of  bar  magnets,  arranged  as- 
taticaHy,  and  delicately  suspended  side  by  side  by  a  few  fibres  of  unspun  silk,  t.  m  is 
a  mirror  attached  to  the  centre  of  the  magnet,  and  by  viewing  a  scale  reflected  in  this 
mirror  through  a  telescope  at  a  distance  of  8  or  10  feet,  the  smallest  deflection  of  the 
magnets  may  be  estimated  and  measured.  On  transmitting  a  voltaic  current  from  one  or 
two  of  Grove's  cells  through  the  coils  in  opposite  directions,  the  bismuth  bars  within  the  he- 
lices will  become  diamagnetized ;  and  by  carefully  raising  or  lowering  the  astatic  bars  »a» 
*n,  shown  in  section  with  the  coils  h,^,  in  fig.  264,  until  they  are  opposite  the  middle  of 
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of  IVndall  (Phil.  Tr<ms.y  1855,  1856),  appear  to  have  proved 
conclusively  that  bodies  which  are  unaer  diamagnetic  influence, 
exhibit  polar  characters.  The  polarity  of  these  bodies  is  such 
that  a  diamagnetic  substance  possesses  a  feeble  magnetic  polarity, 
the  magnetism  of  each  pole  being  similar  to  that  of  the  pole  of 
the  inducing  magnet  in  its  vicinity :  whereas  in  an  ordinary 
magnetic  substance  the  inducing  magnetism  is  opposite  to  that 
of  the  magnetic  pole  by  which  the  magnetism  is  elicited. 

(330)  Definite  Quantity  of  Force;  Indestructibility  of Force:  . 
Mutual  Relations  of  Different  Kinds  of  Force. — The  progress 
of  philosophical  inquiries  for  many  years  past  has  been  of  such  a 
nature  as  to  produce  a  growing  conviction  in  the  minds  of  the 
active  cultivators  of  science,  that  force  is  equally  indestructible 
with  matter ;  and  that,  consequently,  the  amount  of  force  which 
is  in  operation  in  the  earth  (probably  in  the  solar  system),  is  as 
definite  as  that  of  the  material  elements  through  which  its  exist- 
ence is  made  known  to  us. 

That  the  quantity  of  force  associated  with  matter  is  definite, 
may  be  illustrated  in  various  ways ;  one  or  two  examples  must 
suffice.  The  first  which  we  will  select  will  show  the  fixity  in  the 
proportion  of  heat  which  is  associated  with  a  given  quantity  of 
matter.  A  pound  of  charcoal,  when  burned  with  a  tree  supply 
of  air,  combines  with  2$  lb.  of  oxygen,  and  produces  3$  lb.  of 
carbonic*  acid.  The  chemical  action  produced  by  this  combustion 
is  attended  with  the  extrication  of  a  definite  quantity  of  heat : 
and  this  amount  of  heat,  if  it  be  applied  without  loss,  is  sufficient 
to  convert  12J-  lb.  of  water  at  60°,  into  steam  at  212°  F. :  associ- 
ated with  each  pound  of  charcoal  there  must  therefore  be  a  defi- 
nite amount  or  power,  which  is  brought  into  action  when  that 
charcoal  is  burned.  A  different  but  equally  definite  amount  of 
heat  is  emitted  when  a  pound  of  phosphorus,  of  sulphur,  of  hy- 
drogen, or  of  any  other  combustible  is  burned  with  free  access  of 

the  coils,  a  position  may  be  found  in  which  the  magnets  become  indifferent  to  the  action 
of  the  current.  If,  whilst  the  apparatus  is  thus  arranged,  the  wheel  w  be  turned  to  the  right, 
the  bismuth  bars  will  be  brought  into  the  position,  fig.  265, 1,  and  a  deflection  of  the  astatic 
magnets  will  be  effected.  The  lower  end,  6,  of  one  bismuth  bar,  if  polar,  would  be 
(from  the  reversed  direction  of  the  currents  in  the  helices)  in  the  same  condition  as  the 
upper  end,  <?,  of  the  other  bismuth  bar,  and  each  will  therefore  attract  one  particular 
end,  say  the  north,  of  each  magnet  composing  the  astatic  combination,  and  would  re- 
pel the  south  end ;  each  conspiring  to  produce  a  deflection  of  both  magnets  in  the  same 
direction :  but  on  turning  the  wheel  to  the  left,  so  as  to  bring  the  bismuth  bars  into  the 
position  shown  in  265,  2,  the  astatic  combination  will  be  deflected  to  an  equal  extent 
in  the  opposite  direction. 

These  effects  are  most  marked  with  bodies  like  bismuth  and  antimony,  which  have 
the  greatest  diamagnetic  energy ;  but  they  are  also  distinctly  shown  even  in  non-con- 
ducting bodies,  such  as  heavy  glass,  phosphorus,  and  sulphur. 

If  solid  bismuth  give  a  deviation  which  is  represented  by  76  divisions  of  the  scale 
employed,  the  following  table  will  represent  the  action,  found  by  Tyndall,  of  the  other 
bodies  enumerated  in  it : — 


Bismuth 75 

Powdered  bismuth 87 

Antimony 13.5 

Bisulphide  of  carbon 6.5 

White  marble  •- 5 


Heavy  glass 4 

Phosphorus » 4 

Distilled  water 4 

Calo-spar  2 

Nitre 1.7 
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air  (199  et  teg).  The  quantity  of  electricity  associated  with  a 
given  quantity  of  matter  is  equally  definite  (282).  When  a  piece 
of  amalgamated  zinc  is  placed  in  voltaic  relation  with  a  plate  of 
platinum  in  diluted  sulphuric  acid,  for  each  pound  of  zinc  which 
is  dissolved,  a  quantity  of  electricity  is  liberated,  by  means  of 
which  a  pound  of  metallic  copper  may  be  separated  from  the  so- 
lution of  a  sufficient  quantity  of  the  sulphate  of  copper,  or  3}  lb. 
of  silver  may  be  reduced  from  a  solution  of  nitrate  of  silver. 

But  it  appears  further,  that  there  is  no  such  thing  as  a  de- 
struction of  force.  The  cases  in  which  a  superficial  examination 
would  lead  to  the  conclusion  that  force  is  annihilated,  show  on 
closer  investigation  that  such  a  supposition  is  erroneous.  The 
only  mode  in  which  we  can  judge  of  the  existence  of  a  force  is 
from  the  effects  which  it  produces,  and  of  these  effects  that  which 
is  most  universal  is  the  power  either  of  producing  motion,  of  ar- 
resting it,  or  of  altering  its  direction :  whatever  possesses  this 
power  has  been  looked  upon  as  a  form  of  force.  Motion  is  con- 
sequently regarded  as  the  signal  of  force.  There  is  no  difficulty 
in  showing  that  gravity,  elasticity,  cohesion,  and  adhesion,  are  all 
forces  in  the  sense  of  the  above  definition.  But  even  the  more 
subtle  and  complex  agents — light,  heat,  electricity,  magnetism, 
and  chemical  action,  are  all  capable  of  originating  motion,  and 
may  thus  fairly  be  admitted  under  the  definition  of  force  above 
given. 

If  we  except  the  case  of  light,  for  which,  when  it  tas  disap- 
peared by  absorption,  no  satisfactory  account  has  yet  been  (given, 
it  will  be  found  that  in  all  cases  in  which  force  disappears,  it  has 
expended  itself  either  in  eliciting  or  setting  into  action  an  equiv- 
alent amount  of  some  other  force,  or  else  it  has  temporarily  dis- 
appeared in  producing  a  definite  amount  of  motion.  In  this  case 
it  is  especially  to  be  remarked  that  the  amount  of  motion  which 
it  has  thus  brought  into  action,  when  that  motion  is  destroyed, 
will  again  give  rise  either  to  an  equal  amount  of  the  force  which 
originally  produced  it,  or  to  an  equivalent  quantity  of  some  other 
manifestation  of  force. 

For  example,  the  chemical  action  between  charcoal  and  oxy- 
gen terminates  as  soon  as  the  charcoal  is  wholly  converted  into 
carbonic  acid ;  and  a  quantity  of  heat,  which  is  equivalent  to 
that  amount  of  chemical  action,  remains  as  the  representative  of 
the  force  thus  expended.  The  heat  which  has  thus  been  devel- 
oped is  ready  to  do  other  work ;  it  may  be  employed  in  convert- 
ing a  certain  quantity  of  water  into  steam,  and  the  steam  so  ob- 
tained can  be  applied  to  the  production  of  motion,  the  amount 
of  which  may  be  measured  by  determining  the  number  of  pounds 
weight  which  can  be  lifted  through  a  given  distance  by  the  steam 
thus  produced.  Motion  may  again  oe  made  to  produce  heat, 
and,  as  Joule's  experiments  show,  the  quantity  of  neat  thus  de- 
veloped is  strictly  determined  by  the  amount  of  motion  which  is 
applied  to  its  development. 

It  appears,  however,  not  only  that  force  is  definite  in  its 
amount,  and  indestructible  in  its  essence,  but  that  many  of  the 


Digitized  by  VjOOQIC 


TRANSFORMATIONS  OF  FORCE.  501 

more  important  varieties  of  force  are  intimately  related,  and  are 
capable  in  turn  of  eliciting  each  other.  The  forces  amongst  which 
such  mutual  relations  have  been  experimentally  proved  to  exist 
in  the  closest  manner,  are  those  of  light,  heat,  electricity,  magnet* 
ism,  and  chemical  attraction.  The  transfer  of  any  one  of  these 
forces  from  one  point  to  another,  or,  in  other  words,  the  exertion 
of  any  one  of  these  forces,  is  always  attended  with  a  collateral 
manifestation  of  one  or  more  of  the  other  forms  of  force.  In  the 
action  of  a  voltaic  circuit,  consisting  of  a  single  pair  of  plates  of 
zinc  and  platinum,  the  solution  of  a  certain  quantity  of  zinc,  or 
the  chemical  action  between  the  zinc  and  the  acid,  may  be  made 
to  develop  several  forces — viz. :  1.  Electricity^  but  tnere  is  no 
direct  manifestation  of  this  force  so  long  as  the  circuit  is  closed. 
2.  Chemical  action :  if  a  voltameter,  charged  with  a  solution  of 
sulphate  of  copper,  be  interposed  in  the  circuit  between  two  elec-* 
trodes  of  copper,  a  certain  quantity  of  copper,  corresponding  to 
the  zinc  which  is  being  dissolved  in  the  battery,  will  be  deposited 
on  one  electrode,  whilst  a  corresponding  amount  of  copper  will  . 
be  dissolved  from  the  other  electrode.  Here  is  a  chemical  action, 
which  corresponds  in  amount  to  that  which  is  taking  place  be- 
tween the  zinc  and  sulphuric  acid. in  the  active  cell  01  the  bat- 
tery. 3.  Magnetism :  if  the  connecting  wire  be  coiled  around  a 
piece  of  soft  iron,  the  iron  will  become  powerfully  magnetic  for 
the  time. during  which  the  current  is  traversing  the  conducting 
wire.  4.  Seal:  if,  whilst  the  voltameter,  the  electro-magnet, 
and  the  galvanometer  are  still  included  in  the  circuit,  part  of  the 
circuit  be  composed  of  a  thin  wire  which  traverses  the  bulb  of 
Harris's  air  thermometer,  an  elevation  of  temperature  in  the  wire 
proportioned  to  the  amount  of  electricity  in  circulation  will  be 
obtained,  but  in  proportion  to  the  quantity  of  heat  evolved  the 
chemical  action  is  lessened,  and  the  power  of  the  magnet  is  re- 
duced ;  and  5.  Light :  on  interrupting  the  connexion  of  any  part 
of  the  circuit,  a  bright  spark  is  obtained.  Chemical  attraction, 
then,  while  in  operation,  can  throw  a  current  of  electricity  into 
circulation,  and  a  current  of  electricity  will  develop  an  equivalent 
amount  of  magnetism  in  a  direction  at  right  angles  to  such  cur- 
rent It  also  produces  in  conductors,  heat  proportioned  to  the 
resistance  which  it  experiences,  and  if  the  heat  be  sufficiently  in- 
tense, it  is  attended  with  the  emission  of  light. 

The  observations  of  Favre  already  quoted  (280)  showing  the 
dependence  of  the  quantity  of  heat  evolved  in  any  given  circuit 
upon  the  amount  of  magnetic  or  mechanical  work  which  it  is 
producing,  afford  interesting  additional  proofs  of  the  important 
proposition  that  force  is  never  really  either  generated  or  de- 
stroyed. Man  has  but  the  power  to  elicit  it  when  latent,  to 
transfer  its  energy  to  new  points,  or  to  change  the  form  of  its 
manifestation  so  as  to  obtain  an  equivalent  amount  of  power 
under  new  conditions. 

The  more  closely  the  investigation  is  followed  in  this  direc- 
tion, the  more  completely  is  the  truth  of  this  principle  rendered 
manifest.    Thus  Soret  (Comptes  liendus,  xlv.  801)  transmitted  a 
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continuous  electric  current  through  portions  of  conductors  which, 
like  Ampere's  wires  (fig.  236),  are  free  to  obey  their  mutual  im- 
pulse of  attraction  and  repulsion ;  and  he  found  that  if  the  more- 
able  conductors  were  allowed  to  approach  each  other  in  accord- 
ance with  the  direction  of  the  attraction,  a  diminution  of  the  in- 
tensity of  the  current  is  observed  during  the  occurrence  of  this 
motion, — a  portion  of  the  intensity  of  the  current  being  expended 
in  the  production  of  motion.  If,  on  the  other  hand,  a  compul- 
sory movement  in  opposition  to  the  attractive  force  is  effected, 
the  intensity  of  the  current  is  increased  during  the  act  of  move- 
ment. 

Again,  the  same  observer  found,  as  might  indeed  have  been 
anticipated  from  Faraday's  magneto-electric  researches  (311),  that 
if  a  battery  in  connexion  with  a  helix  be  in  conducting  communi- 
cation witn  a  galvanometer,  the  current  through  the  galvanom- 
eter is  reduced  during  the  introduction  of  a  soft  iron  core  into 
the  axis  of  the  helix ;  but  it  is  increased  at  the  moment  of  with- 
drawing the  iron  core.  The  introduction  of  a  non-magnetic  sub- 
stance, such  as  a  core  of  copper,  produces  no  sensible  Sect. 

"We  have  already  traced  briefly  the  evolution  of  electricity 
from  chemical  action ;  and  Faraday  has  further  shown  that  the 
electricity  developed  by  friction  in  the  ordinary  electrical  ma- 
chine produces  either  a  corresponding  amount  of  magnetic  action 
on  the  needle  of  the  galvanometer,  or  an  equivalent  amount  of 
chemical  decomposition  in  electrolytes  through  which  it  is  trans- 
mitted (297) ;  wnilst  in  the  fusion  of  metallic  wires  we  have  evi- 
dence of  its  heating  power,  and  in  the  electric  spark  we  see  its 
agency  in  producing  light. 

The  experiments  or  Faraday,  followed  by  those  of  other  phi- 
losophers, have  proved  that  the  motion  of  a  magnet  of  a  given 
strength,  under  certain  conditions,  produces,  in  a  closed  metallic 
conductor,  a  definite  current  of  electricity,  and  through  the  elec- 
tricity thus  set  in  motion,  light,  heat,  and  chemical  action  may 
be  developed,  as  is  beautifully  shown  in  the  magneto-electric  ma- 
chine (315). 

On  the  other  hand,  heat  may  be  made  to  develop  electricity ; 
and  the  thermo-multiplier  (317)  of  Nobili  and  Melloni  shows  that 
the  current  of  electricity  which  is  produced  is  exactly  propor- 
tioned, ccBteris  paribus,  to  the  amount  of  heat  by  which  it  is  ex- 
cited. The  ignition  of  solid  matter  shows  that  heat  may  elicit 
light  under  favourable  circumstances.  It  further  appears  that 
heat  may  excite  chemical  action ;  and  as  it  may  also  give  rise  to 
a  current  of  electricity ,  through  that  current  of  electricity  it  may 
produce  the  development  of  magnetism. 

Light  may  produce  important  chemical  actions,  but  these  ac- 
tions have  only  in  a  few  cases  been  reduced  to  a  form  in  which 
they  can  develop  electricitv,  magnetism,  or  heat.  The  definite 
connexion  of  light  with  the  other  forces,  and  the  quantitative 
valuation  of  that  relation  still  remain  to  be  wrought  out.  In- 
deed, the  subject  appears  to  offer  a  field  for  research,  difficult, 


Digitized  by  VjOOQIC 


TRANSFORMATIONS  OF  FORCE.  508 

because  as  yet  scarcely  trodden,  though  full  of  interest  and 
promise. 

The  reader  who  desires  to  pursue  the  subject  of  the  mutual 
relations  of  different  kinds  of  force,  is  referred  to  an  interesting 
essay  on  the  subject  by  Grove,  entitled  On  the  Correlation  of  the 
Physical  Forces.  For  further  information  on  the  other  subjects 
which  have  been  treated  of  in  this  chapter,  in  addition  to  the 
papers  already  quoted,  the  student  is  referred  to  the  important 
series  of  memoirs  by  Faraday,  published  during  the  last  thirty 
years  in  the  Philosophical  Transactions,  which  have  also  been 
reprinted  in  a  separate  form ;  or  to  the  Treatises  of  Becquerel 
and  De  La  Eire  on  Electricity  and  Magnetism,  and  to  TyndalTfl 
work  on  Seat  considered  as  a  Mode  of  Motion. 
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Fahrenheit's  thermometer,  196 

Faraday's  theory  of  electric  induction,  332 
**  heavy  glass,  magnetic  polarisa- 

tion, by,  488 

FerricyanSde  of  potassium,  electrolytic  pro- 
duction of,  43 A 

Fire-balloon,  214 

Firefly,  122 

fixed  lines  in  spectrum,  141 
m     points  of  thermometers,  193 

Flame,  diamagnetie,  493 

11      its  action  in  dispersing  electricity, 

354 
1  *      measurement  of  its  temperature,  482 


Flow  of  liquids  through  capillary  tubes, 

llefeg. 
Fluidity,  heat  of,  252 
Fluorescence,  156 

"  mode  of  testing  body  for,  1 58 

Fluorescent  rays,  inactive  spaces  m,  148 
Focus  of  mirror  or  lens,  181,  184 
Force,  indestructible,  500 
"     quantity  of;  definite,  499 
"     transformations  of;  501 
Forces,  molecular,  some  varieties  of,  85 
Formulae,  chemical,  26 
Franklin's  lightning  conductors,  860 

"        electrical  theory,  828 
Fraunhofer's  lines  in  the  solar  spectrum, 
141 
«  «     KirchhofTs  theory  oft 

158 
Freezing-machine  by  ammonia,  262,  note 
"  by  ether,  261,  note 

"      mixtures,  247 
"       of  water  in  vacuo,  262 
u      point  of  water  lowered  by  salts,  250 
"       process  of,  251 
French  weights  and  measures,  28,  29 
Friction,  56 

"       development  of  heat  by,  181 
Frog,  Galvanfs  experiment  on,  864 
Fusible  metal,  expands  on  solidifying,  100 
Fusing  points,  how  affected  by  pressure,  249 
"         "     of  mixtures  lower,  248 
"         "     table  of;  248 
"         "     why  fixed,  248 

Gallon,  imperial,  defined,  28 

Galvanism,  865 

Galvanometer,  astatic,  868 

M  differential,  406 

"  how  graduated,  869,  note 

"  principle  of;  867 

Gas  battery,  Grove's,  885 
"   holder,  47 

Gases,  absorption  of  by  charcoal,  88 
**      adhesion  of  to  solids,  82 
"  "  to  liquids,  81 

"      coefficient  of  absorption  of;  81,  82 
M      condensed,  table  of,  290 
"      conductivity  of;  for  heat,  210 
"      cooling  effects  of;  222 
"      correction  of,  for  pressure,  48 
"  "  for  temperature,  200 

"      desiccation  of;  84 
"      diamagnetism  of;  492 
"      diathermacy  of,  226 
«      differ  in  electric  insulation,  854 
44      diffusion  of,  85 
"      effusion  of,  89 
"      elasticity  of;  86 
u      electric  induction  uniform  in,  847 
"      expansion  of;  by  heat,  190 
"      liquefaction  oft  284,  286 
"      modes  of  drying  them,  84,  85 
"      passage  of,  through  diaphragms,  92 
u     refractive  powers  on  light,  table  of, 

188 
«     solubility  of,  81 


201 
"  "     heat  of,  287 

**      transpirability  of;  89 
"      voltaic  conductivity  of,  418 
Gassiot's  electric  cascade,  470 
Gauge  of  air  pump,  48 
Gauges  for  compressed  gases,  287 
Glaciers,  theory  of  their  motion,  252,  note  ' 
Glaisher's  factors  of  wet-bulb  hygrometer, 

288 
Glass,  absorptive  action  of,  on  radiant  heat, 
280 
"     compressed,  effects  of,  on  polarised 

light,  177 
"     conducts  electricity  at  red  heat,  41 2 
"     expansion  of;   by  heat,   188,  196, 

206,  note 
44     specific  heat  of;  288 
Glow-worm,  122 
Gold,  divisibility  of,  4 
Goniometers,  108 

"  WoUaston's  reflecting,  104 

Gramme,  29 

Gravity  diminishes  towards  equator,  28 
44      how  applied  to  standards  of  weight, 

28 
"      specific  (see  specific  gravity),  80 
Ground  ice.  221,  note 
Grove's  voltaic  battery,  889 
Gulf  Stream,  216 

Gutta-percha  insulator  for  electric  cable,  462 
Gymnotus,  486 

Hardness,  Mobs'  scale  oft  58 
Heat  absorbed  during  evaporation,  258 
"  "  "      solution  of  salts,  812 

u    amount  of;  radiated  from  the  sun,  181, 

217,  246 
"    of  combination,  experiments  of  An- 
drews on,  296 
"  "  experiments  of  Fa- 

vre,  298 
"    conduction  of  solids,  208 
44    conductivity  of,  varies  in  different  di- 
rections, 211 
"    convection  of,  212 
"    developed  by  electric  discharge,  849, 

858 
"  "       by  voltaic   current,  866, 

409 
"    distribution  of;  hf  spectrum,  229 
"    evolved  by  combination  of  acids  and 

bases,  810,  811 
44        "       by  friction,  181 
"        "       by  metallic  precipitations,  806 
"        "       by  percussion,  182 
44        "       during  combustion  of  com- 
pounds, 802 
"        "       during  decomposition,  801 
"        u       during  moistening,  184 
"        "       during  solidification,  252 
"        "       during  solution  of  gases,  818 
"        "       in  combining  definite,  294 
44    general  effects  of,  180 
"    latent,  245 
«        u      of  gases,  285 


Heat,  latent,  of  liquid*,  248 
**        "      of  steam,  266 
44        **      of  vapours,  £08 
u    loss  of,  prevented,  211 
11     measurement  of,  192  ct  stq. 
14    mechanical  equivalent  of,  182 
"  «         theory  of,  186 

11    of  interior  of  earth,  184 
*■     of  voltaic  circuit,  415 
41     opposed  to  cohesion,  55 
41    radiant,  diffraction  of,  331 
u         **       effect  of  screens  on,  224 
**         "       polarization  of,  231 
"         "       reflection  of,  £17 
B  "        refraction  of,  229 

44  "       refrangibility,  change  of,  231 

41         "       relative  absorbability  of,  222 
"         "       separation  of,  from  light,  2  30 
"    sources  of,  161 
14     specific,  252 
41  "        how  modified,  238 

"         "        modes  of  measuring,  232 
"         "        of  gases,  237 
44         **        of  liquids  and  vapours  com- 
pared, 289 
14         "        of  solids  and  liquids   com- 
pared, 286 
u         tl        relatione  of  to  atomic  weight, 

240 
41         "        rise  of  with  rise  of  tempera- 
ture, 236 
41    unit  defined,  300 
Heavy  glass,  magnetic  polarization  of,  483 

"  "      diamagnetism  of,  499 

Heights,  measurement  of,  by  boiling  point,. 

259 
Helix,  voltaic,  4 S3 

Hemihedral  crystals,  artificial  production  of, 
98 
"  forms  of  crystals,  108 

Henry's  induction  coils,  473,  476 
High  pressure  Steam,  260 
Holohedral  or  bomohedra)  forms  of  crys- 
tals, 108 
Homogeneous  or  monochromatic  light,  120 
Homologous  bodies,  what,  303,  note 
Hot*water  oven,  254 
Hydro-electric  machine,  859 
Hydrogen,  cooling  effect  on  red-hot  wire, 
410 
41         scale  of  equivalents,  10 
i4         spectrum  of,  lfifi 
Hydrometer,  33 

Hygrometer,  Darnell's  dew-point,  281 
44  wet-bulb,  282 

Ice  expands  in  freezing,  100 
44    formed  by  radiation  hi  India,  221 
44    liquefaction  of,  by  pressure,  249,  note 
41    machines,  281,  note 
44    separation  of  salts  from,  in  freezing,  94 
"    specific  gravity  of,  100 
44  "       heat  of,  £57 

Iceland  spar,  double  refraction  of,  168 
Ignition,  colour  of  light  produced  by,  121 
Impressions  of  light  on  the  retina,  duration 

of;  m 


Incandescence  not  combustion,  121 
Inclination,  or  magnetic  dip,  320 
Index  of  refraction,  132 
Induced  currents  from  Leyden  jar,  470 
Induction,  electric,  330 
44         magnetic,  315 
41         magneto-electric,  486 
44         specific,  348 
44         volta-electric,  465 
Insulating  power  of  gases  for  electricity, 

specific,  854  ■ 

Insulation,  electric,  825 
Intensity  of  earth's  magnetism,  821 

of  electric  charge,  334 
Interference  of  light,  164 
Iodide  of  mercury,  dimorphism  o£  116 
Ions,  voltaic,  419 

14    unequal  transfer  of,  429 
Iron,  expansion  of,  by  heat,  190,  199 

44     inactivity  of,  in  nitric  acid,  890 

44    magnetic  induction  of,  315 

44    structure  altered  by  vibration,  101 

44    specific  heat  of,  233 
Isomorphism,  112 
Isomorphous  groups,  115 

Joule,    experiments    of,    on    mechanical 
equivalent  of  heat,  183,  note 

Ekefer  of  the  magnet,  318 
Kilogramme,  29 
Kilometre,  29 

Lampblack,  absorption  of  radiant  heat  bv, 
223 

Land  and  sea  breezes,  216 

Latent  heat  (see  heat,  latent),  345 

Lateral  electric  discharge,  348 

Law  of  gaseous  diffusion,  67 
44  "        volumes,  24 

14   of  sines  for  light,  332 

Laws  of  chemical  combination,  13 

Lead,  peculiar  expansion  of,  by  heat*  137 

Left-ham  Jed  circulaj-  polariaation,  173 

Lengthening  of  bodies  while  sodding,  126 

Lena,  convex,  134 

Leslie's  apparatus  for  freezing  water,  262 

Leyden  jar,  340 

11         *4    theory  of  its  charge,  842 
44         4l    with  moveable  coatings,  341 

Lichtenberg's  electric  figures,  335 

Liebig's  condenser,  269 

Light,  analysis  of,  by  absorption,  1SS 
*4      change  of  refrangibility,  157 
44     chemical  effects  of,  153,  159 
14      diminishes  as  equare  of  distance,  138 
44      double  refraction  of,  168 
4t      electric,  414 

44      emitted  during  crystallization,  123 
44      frequency  of  its  undulations,  163 
44      of  ignited  bodies,  colours  of^  121 
44      polarized  (see  polarization),  I7U 
11      prismatic  analysis  of,  137 
14      reflection  of,  129 
14      refraction  of,  131 
44      retarded  in  denser  media,  162 
44     scattering  of,  180 


Light,  sources  ot  121 
^r    theories  of;  123 
44     total  reflection  of;  184 
44     Telocity  of;  168 
Lightning  conductors,  860,  861 

"         effects  of,  exemplified,  861 

"         identity  of,  with  electricity,  360 
Lime  and  its  compounds  less  soluble  in  hot 

than  in  cold  water,  64 
Limpidity  and  viscosity  of  liquids,  54 
Linear  expansion  of  solids  by  heat,  188 
Lines  of  spectrum,  influence  of  temperature 

on,  160 
liquefaction  of  gases,  284 
Liquids,  adhesion  between,  66 

44      circular  polarisation  of;  178 

"      cohesion  of,  68 

14       compressibility  of,  86 

44      conductivity  for  heat  210 

"      diffusion  of,  67 

44      efflux  of,  through  fine  tubes,  77 

"      expansion  of,  by  heat,  188 

44      latent  heat  of;  246 

M      specific  gravity  of;  81 

44      transpiration,  influence  of  compo- 
sition on,  80 

44      transpiration  of,  Poiseuflle's  ex- 
periments on,  77 

44      voltaic  conductivity  of,  411 
Lithium,  spectrum  of,  161, 162 
Litmus-paper,  6 
Litre,  29 
Loadstone,  814 

44         origin  of  its  magnetism,  828 
Local  action  in  voltaic  circuit,  876 
Lutes  and  cements,  67 

Maonr,  effect  of  fracture,  816 

44        influence  of,  on  voltaic  arc,  469, 

472 
44       marked,  or  north  end,  814 
44        rotation  of,  round  wire,  458 
Magnetic  attraction  and  repulsion,  815 
44        batteries,  818 
44        equator  of  the  earth,  821 
44        field,  491 
44        induction,  815 
44       intensity,  how  measured,  319 
44        metals,  495 

44        needle  disturbed  by  aurora,  868 
44  4t      effect  of  current  on,  866 

14        polarization  of  light,  180,  488 
44        poles  of  the  earth,  820 
44        storms,  822 
Magnetism  a  polar  force,  814 
44         effect  of  heat  on,  818 
44         effect  of  friction,  &e^  818 
44        induced  by   electric   currents, 

866,  452 
44         not  observed  in  all  bodies,  490 
44         of  liquid  of  voltaio  circuit,  867 
44         of  the  earth,  819 
44         permanent,  817 
44         temporary,  815 
Magneto-electric  induction,  466 
^4  "      Hjrht,  480 


Magnets,  molecular  movements  in,  458 

44        preparation  of;  817 
Manganese,  oxychloride,  absorptive  bands 
in  spectrum  of,  144 

44  magnetism  of  its  salts,  491 

Malleability  and  ductility,  58 
Manometer,  44 

Map  of  portion  of  solar  spectrum,  155 
Mariners  compass,  814 
Marriotte's  law,  its  failure  at  great  pres- 
sures, 287 
44         law  of  elasticity  of  gases,  86 
Matter  when  burned  not  destroyed,  10 
MuTlmnm  density  of  vapours,  275 
Measurement  of  heights  by  barometer,  50 

44  by  bofflng-point,  259 

Mechanical  theory  of  heat,  185 
Medium  for  light,  ISO 
Melloni's  apparatus  for  radiant  heat,  225 
Melting-points,  constant,  248 

44  effect  of  pressure  on,  249, 

note 
44  table  of,  248 

Mercurial  calorimeter,  805 

44        thermometer,  198 

44        trough,  48 
Mercury,  capillary  depression  of;  59 

41        compressibility  of,  86 

44       evaporation  o£  276 

44        freerimr  of,  247,  286 

44       frozen  m  red-hot  capsule,  294 

44       iodide  of,  dimorphism  of,  117 

44       latent  heat  of;  246 

44        specific  heat  of,  237 

44       varying  expansion  of;  with  tem- 
perature, 196 

44       water  and  air,  relative  weights  of; 
42,  note 
Metallic  films,  diathermacy  of,  226 
Metallo-chromes,  485 
Metals,  conductivity  for  electricity,  408, 409 
44  heat,  209 

44     diathermacy  of;  226 

44     expansion  o£  188 

44     thermo-electric  order  of;  488 
Metemerie  bodies,  what,  808 
Metre,  28 
Milligramme,  29 
Millimetre,  29 

Minerals,  artificial,  crystallisation  of;  96 
Mirror,  concave,  131 

44       plane,  129 
Mixture  distinguished  from  combination,  8 
MoirSe  metaOique,  101 
Moistening,  heat  emitted  by,  184 
Molecule  distinguished  from  atom,  25,  note 
Molecular  forces,  85 
Monad  elements,  20 
Moonlight,  little  heat  of;  280 
Motion  of  particles  by  electric  action,  481 

44     signal  of  force,  500 
Multiple  proportion,  law  of;  18 
Muscular  electric  current,  487 
Musical  notes,  ratio  of  vibrations,  125 

Nascxht  state  of  bodies,  486 
Negative  doubly  refracting  crystals,  169 


Neutralization,  6 

Newton's  rings,  167 

Nickel,  magnetic,  816 

NicoTs  prism,  179,  note 

Nitrogen,  spectrum  of;  156 

Nitrous  acid,  absorption  bands  in  spectrum 
of,  144 
"      oxide  evolves  heat  during  decom- 
position, 801 

Nodal  points  and  lines,  126 

Non-metallic  elements,  list  o^  2 

Notation  by  symbols,  26 

Nuclei,  influence  of,  on  crystallization,  97 

Obliqui  system  of  crystals,  111 
Octohedron,  relation  to  the  cube,  107 
Ohm's  theory  of  voltaic  current,  895 
Oils,  refractive  power  of,  on  light,  187 
Opacity,  degrees  of,  127 
Optic  axis  of  a  crystal,  169 

44        relation  to  magnetism,  497 
Osmometer,  72 
Osmose,  77 

44       influence  of  septum  on,  78 

44       negative,  78 

44        positive,  78 
Osmotic  force,  measurement  o^  74 
Oxygen,  magnetism  of,  494 

"       scale  of  equivalents,  16 

"       solubility  of,  in  water,  82 

Papxb,  splitting  of,  57 
Papin's  digester,  261 
Paramagnetic  bodies,  494,  note 
Peltier's  thermo-electric  experiments,  485 
Pendulum,  seconds,  length  o£  28,  note 
Perchlorate  of  potassium  formed  by  elec- 
trolysis, 485 
Percussion,  heat  produced  by,  182 
Peroxides  of  the  metals,  voltaic  actions  by, 

881 
Perpetual  snow,  285 
Phosphorescence  of  animal  matter,  122 

"  of  heated  minerals,  122 

Phosphor!,  solar,  160 
Phosphorogenic  rays  of  spectrum,  159 
Phosphoroscope,  Becquerel's,  160 
Phosphorus,  allotropic  modifications  of;  118 

"         diamagnetic  powers  of,  492 
Photometer,  principle  of,  129 
Physical  and  chemical  properties  of  bodies,  2 

"      states  of  matter,  8 
Pitch  of  sound,  124 
Plane  of  polarization,  178 
Plate  electrical  machine,  887 
Plating  by  magneto-electricity,  480 
Platinized  silver,  voltaic  use  o$  890 
Platinode,  cathode,  or  negative  pole,  419 
Platinum  black,  its  action  on  gases,  84 
Pneumatic  trough,  47 
Points,  action  of  on  electricity,  885 
Poiseuille's  experiments  on  liquid  transpi- 
ration, 77 
Polar  forces,  815 
Polarization  by  reflection,  171 

44  coloured  circular,  178 

"         electric,  882 


Polarization  of  electrodes,  884 
44         of  heat,  281 
"         of  fight  by  double  refraction, 

170 
"         plane  of,  178 
44  voltaic,  878 

Polarized  light,  colours  developed  by,  175 
"  "     difference    from    common 

fight,  178 
Polarizing  angle,  law  of  its  variation,  171 

"        bundles,  174 
Poles  of  voltaic  battery,  418,  419 
Polymeric  bodies,  what,  202,  note 
Porosity,  illustrations  o£  8 
Porous  diaphragms,  use  of,  887 
Positive  and  negative  electricity,  how  dis- 
tinguished, 855 
u       doubly  refracting  crystals,  170 
Potassium,  spectrum  ofj  151, 152 
Pound,  avoirdupois,  what,  28 
Pressure  gauge,  44 

44  influence  of,  on  boiling-point,  258 
44  of  condensed  gases,  curves  0^290 
44  of  the  air,  46 
Prime  conductor  of  electrical  machine,  886 
Principal  section  of  a  crystal,  170,  note 
Prism,  its  effects  on  rays  of  light,  184,  187 
Prismatic  spectrum,  187 

"        system  of  crystals,  111 
Proof-plane  for  electricity,  888 
Peeudomorphous  bodies,  106 
Pump  for  water,  42 
Pyramidal  system  of  crystals,  109 
Pyrometer,  Darnell's,  197 

Quabsz,  coloured  circular  polarization  of, 
178 
44       its  value  for  spectrum  examina- 
tion, 158,  159 
44       right  and  forehanded,  178 
Quinia,  sulphate,  fluorescence  of,  157 

Radiant  heat,  see  Heat,  radiant 

44        power  of  heat  proportioned  to  ab- 
sorption, 219 
Radiation,  law  of,  cooling  by,  222 

44        of  heat,  217 
Rain,  Hutton's  theory  of;  284 
Ray  of  light,  127 
Reaumurs  thermometer,  198 
Red-cabbage  test  for  add  or  alkali,  6 
Reflection  of  heat,  218 

44       of  light  from  curved  surfaces,  180 

44  "         "    plane  surfaces,  129 

44        total,  of  light,  184 
Refraction  at  inclined  surfaces,  188 

44        of  light,  law  of  sines,  182 

44  "         simple,  181 

44        of  radiant  heat,  229 
Refrangibifity  of  light,  change  in,  156 
Refractive  index  defined,  182 

44        power,  effect  of  heat  on,  140 

44  "      measurement  o£  185 

44  u      of  gases,  188 

Regelationofice,251 
Regular  system  of  crystals,  107, 108 
Replacement  of  edge  of  aa  crystal,  103 


/ 


Residual  electric  charge,  348 
Resistance  coils,  402 

Retina,  impression  of  light  prolonged,  127 
Revolving  mirror,  applied  by  Wheatetone, 

858 
Rheostat,  401 
Rhombic   dodecahedron,  relation  to  the 

cube,  107,  108 
Rhombohedral  system  of  crystals,  110 
Right-handed  circular  polarization,  178 
Rock  crystal,  conducting  of  heat  by,  212 
Rock  salt,  its  high  diathermic  power,  225, 

228 
Rubidium,  spectrum  reactions  o£  discovery 
by,  150 
"  "        of;  151,  152 

Ruhmkorff's  induction  coil,  468 
Rumfordvs  experiments  on  heat  of  friction, 

182 

Salis,  effect  of,  in  lowering  freezing-point, 
250 
"  "       solution  on  boiling-point, 

257 
"      general  characters  of,  6 
"      of  magnetic  metals  are  magnetic,  49 1 
Saturation,  63 
Scale  of  hardness,  53 
Scales  of  equivalents,  116 
Scattering  of  light,  130 
Sea-water,  maximum  density  o£  200 

u  freezing  point  of;  250,  note 

Secondary  electric  currents,  469,  474 
Seconds  pendulum,  length  of,  28,  note 
Selenite,  colours  of;  in  polarized  light,  175 
Shell-lac,  insulating  power  of,  825 
Snowflakes,  crystalline  forms  of;  95 
Sodium  chlorate,  circular  polarization  by, 
178 
44      hemihedral  form  of,  how  obtained, 

98 
44      spectrum  of,  151,  152,  156 
44      sulphate,  electrolysis  of;  425 
44  a         of;  solubility  of;  64 

Solar  heat  on  earth,  246 

44    spots,  connexion  of  with  magnetism 
of  earth,  822 
Solidification,  expansion  or  contraction  at- 
tending, 100 
Solids,  bulk  of,  not  immediately  altered  by 
cold,  200 
'*      expansion  of  by  heat,  188 
Solubility  sometimes  diminished  by  boat,  CI 
Solution,  forces  concerned  in,  63 
Sound,  interference  of  wave$  of,  164 
u       produced  during  magnetisation,  451 
"       the  result  of  undulations,  124 
u       varieties  o£  124 
14        velocity  of,  I20t  note,  IBS 
Sounding,  deep  flea,  50 
Spark,  electric,  circumstances  which  influ- 

e&oft,  *  J  r»  -V 
Specific  electric  induction,  846 
11    "  electricity,  438 
u      graTiiy,  'iO 

41  M      of  compound  gasee,  how 

calculated,  303 


Specific  gravity  of  gases,  determination  Of; 
201 
44  «      of  liquids,  31 

44  "      of  powders,  83 

44  «      of  solids,  82 

44  "  "     lighter  than  water, 

84 
"  "      of  soluble  solids,  88 

44  "      of  vapours,  204 

44      heat  of  elements  (see  Heat,  spe- 
cific), 240,  241 
Spectra  of  coloured  flames,  146 

41      of  gases,  effects  of  heat  on,  156 
44  "        Pllicker's  experiments  on. 

146 
"      photographs  of,  152 
"      projection  of;  on  screen,  153 
Spectroscope,  147 
Spectrum  analysis,  147 

44         chemical  actions  of;  159 
44         fixed  lines  of,  141 
44         heat,  rays  of,  159 
44         prismatic,  137 
44         reactions,  delicacy  of,  149 
Spheroidal  state,  292 
Spring,  analogy  with  electric  action,  829 
Springs,  how  formed,  280 
Standard  temperature  for  specific  gravities, 
30 
44        pressure  for  gases*  note  pp.  80, 49 
Standards  of  weight  and  measure,  28 
Steam,  electricity  of,  859 
44      hot  bath,  254 
44      jet,  267 
44      latent  heat  of,  266 
44      specific  heat  of,  239 
St.  Elmo's  fire,  363 
Still  and  worm-tub,  268 

44   Coffey's,  271 
Stratified  electric  discharge,  470 
Striking  distance  of  electric  spark,  853 
Strontium,  spectrum  of,  161 

44        sulphide,   phosphorescence  o£ 
162 
Structure,  influence  of,  on  conduction  of 

heat,  212 
Substitution,  formation  of  compounds  by,  11 
Sugar,  circular  polarization  of  178 
bulphate  of  copper,  its  use  in  voltaic  ch> 
cuit,  886 
44        of  mercury,  use  in  telegrannic 

battery*  461 
"         of  sodium,  anomalous  solubility 

of,  64 
11  "  sudden  crystallization 

of;  97 
Sulphur,  nllotropic  modification*  of,  118 
"        burning,  fluorescent  light  ot,  158 
lt        dimorphism  of,  116 
11        vapour,  spectrum  of,  150 
Sulphurous  anhydride,  spheroidal  state  o£, 

294 
Sun  spots,  connexion  with  earth's  magne- 
tism, 322 
Symbolic  notations,  26 
Symmetry  of  cry  stab,  106 
Syphon,  45 
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Tabu  of  atomic  and  specific  heat  of  com- 
pounds, 243-245 
"  . u      and  specific  heat  of  ele- 

ments, 241 
"     of  absorption  of  gases  of  charcoal, 

88,  84 
"     of  atomic  weights  of  elements,  21 ,  22 
M     of  boiling-points,  255 
"  "      point  of  water  at  different 

pressures,  259 
"     of  bnlk  of  vapours  from  equal  bulk 

of  liquids,  266 
"     of  Oagniard  de  Latour's  experiments, 

289 
"     of  capillary  action,  69 
"     of  compressibility  of  liquids,  86 
"     of  condensed  gases,  290 
•*     of  decrease  of  temperature  with  alti- 
tude, 289 
"     of  density  of  air  at  different  heights, 

50 
"     of  diamagnetic  bodies,  495 
44      of  diathermacy  of  gases  and  va- 
pours, 227,  228 
u  "  of  solids   and   li- 

quids, 226 
44     of  diffusion  of  gases,  88 
44  44         of  solutions,  68 

44     of  effect  of  salts  on  boiling-point,  258 
44     of  efflux  of  liquids  through  fine  tubes, 

79,80 
44     of  electro-chemical  order,  878,  879 
44     of  equivalents  of  elements,  17,  18 
44      of  evaporation  at  different  seasons, 

282 
44  "  in  vacuo,  277 

44      of  expansion  of  gases  by  beat,  191 
44  "         of  liquids  bv  heat,  189 

44  "         of  solids  by  heat,  188 

14     of  fusing  points,  248 
u     of  Greenwich  factors  for  wet-bulb, 

288 
41     of  hardness  of  minerals,  58 
44     of  heat  absorbed  during  solution  of 

salts,  312 
44  44      evolved  during  solution  of 

gases,  813 
44  44      given  out  by  combustion  in 

chlorine  and  bromine,  800 
44  44      given  out  by  combustion  in 

oxygen,  299 
44      of  increase  of  mean  dilatation  by 

heat,  196 
' '     of  influence  of  salts  on  boiling-point, 

268 
"      of  intervals  on  musical  scale,  126 
44      of  isomorphous  groups,  115 
"     of  latent  and  sensible  heat  of  steam, 

266 
44  "       heat  of  liquids,  246 

44  44         "    of  vapours,  265 

44     of  linear  expansion  of  solids  by  heat, 

188 
44     of  magnetic  and  diamagnetic  bodies, 

495 
41      of  range  of  temperatures,  198 
41      of  refractive  powers  of  gases,  138 


Table  of  refraetive  power  of  oils,  137 
44     of  rise  of  specific  heat  with  rise  of 

temperature,  286 
44     of  solubility  of  gases,  82 
44     of  specific  heat  of  gases  and  vapours, 

287,  238 
M  44        4i     of  liquids    and  va- 

pours, 239 
14  44        "     of  solids  and  liquids,, 

237 
44      of  temperature  of  high    pressure 

steam,  260 
44      of  tension  of  vapours,  274,  275 
44     of  thermo-electric  order  of  metals* 

484 
44      of  transpiration  of  gases,  91 
44  "  of  vapours,  91 

14     of  voltaic  conductivity  of  metals* 
408,  409 
"  "  "  of  liquids, 

411,  .412: 
Tabular  crystals,  relation  of,  to  prismatic, 

100 
Tangent  galvanometer,  460 
Teinie  de  pauagt,  180 
Telegraph,  electric,  461 
Tellurium,  its  high  thermo-electric  powerr 

485 
Temperature,  absolute  zero,  246,  note 

44  distinguished  from  heat,  186 

44  increase    of,    at    increasing 

depths  of  the  earth,  184 
44  table  of  various,  198 

Tension  of  vapours,  274 
Tessular  system  of  crystals,  107 
Tetartohedral  forms  of  crystals,  108 
Tetrad  elements,  20 
Tetrahedron,  relation  to  the  cube,  108 
Thallium,  discovery  of,  by  spectrum  reaer 
tion,  150 
14  spectrum  of,  151,  152 

Thermochrosis,  or  calorific  tint,  229 
Thermo-electricity,  481 
Thermo-electric  effects,  reversal  of,  by  heat* 
482 
44  order  of  metals,  483 

14  thermometer,  482 

Thermometer,  alteration  of  freezing  point 
in,  194 
41  Breguet's  metallic,  196 

14  comparison  of  various  scales* 

193 
41  graduation  of,.  193 

41  self-registering,  195 

41  tests  of  its  accuracy,  194 

44  maximum    and    minimum* 

195 
Thermo-multiplier,  463 
Thunder,  361 
Timbre,  124 
Torpedo,  486 

Total  reflection  of  light,  184 
Tourmaline  becomes  electric  while  heating 
or  cooling,  358 
44  polarizing  action  of,  171 

Trade  winds,  215 
Transfer  of  solids  in  voltaic  arc,  416 
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Transfer  of  ions  by  voltaic  action,  419, 429 

Trsnslucency,  127 

Transparency  never  perfect,  127 

Transpiration  of  gases,  89 

Triad  elements,  2i> 

Trimorphons  bodies,  11? 

Truncation  of  an  angle  of  a  crystal,  102 

Tuning  fork,  124 

Turmeric  paper,  6 

Uhannsaled  glass,  action   on  polarized 

light,  177 
Undulation,  mechanism  of,  120 
Uniaxal  doubly  refracting  crystals!  170 
Unit  of  heat,  182,  noU 

"  jar,  Harris's,  844 
Universal  electric  discharger,  850 
Uranium  compounds,  fluorescence  of,  168 

Viltl,  formed  during  electrolysis,  485 
Vapour,  maximum  density  of,  275 
Vapours,  Dalton's  law  of  tensions,  274 
44        expansion  of,  by  heat,  190 
44        latent  heat  of,  268 
41        specific  gravity  of,  how   ascer- 
tained, 204 
44        tension  of,  273 
44  u      of  saline  solutions,  278 

44        transpiration  of,  91 
Variation  or  declination  of  a  magnet,  820 
Velocity  of  electric  discharge,  852,  858 
44  light,  163 

41  sound,  124 

Ventilation,  215 
Viscosity  and  limpidity,  54 
Volta-electric  induction,  466 
Voltaic  arc,  413 

44         li    stratified,  478 
41       battery,  Bunsen's,  889 
44  "      cause  of  decline  in  power, 

887 
44      chemical  effects  of,  418  et 

seq. 
14       Darnell's,  887 
44  "       floating.  457 

"  ••■      gas,  885 

44  "       Grove's,  889 

u  "      Smee,s,S90 

44       circuits,  compound,  895 
41  u       elementary,  865 

44  u       simple,  894 


Voltaic  conduction,  how  measured,  406 
44       conductivity  of  alloys,  409 
41       convection,  418 
44       current,  375 

14  4l       decomposition  by,  897 

44  "       proportioned  to  chemical 

action,  876 
11  "       resistances  to,  891 

41       discharge,  modes  of,  404 
44       pile,  371 

Voltameter,  898 

44  counter-current  of,  400 

Wash  ing  of  buildings  by  hot  water,  218 

44  "         by  steam,  253 

Water,  air,  and  mercury,  relative  weights 
of,  42,  note 
44     barometer,  48 
44      battery,  448 
44      compressibility  of,  86 
44     expansion  of  by  cooling,  200 
44     freezing  of,  in  red-hot  capsule,  294 
44     frozen  by  its  own  evaporation,  262 
44     latent  heat  of,  245 
44     liquid  below  freezing,  sudden  crys- 
tallization of,  97 
44     maximum  density  of,  200 
44     not  an  electrolyte,  427 
44     protected  from  freezing  by  anoma- 
lous expansion,  214 
"_    separation  of  salts  from,  in  freezing, 

94 
44      specific  heat  of,  237 
44     weight  of  cubic  inch  of,  28 
Waves  of  light,  length  of,  164 
Weight  of  a  body,  what,  28 
44  air,  how  proved,  41 

41  "   Prout's  and  Regnault's  o* 

periments  on,  41 
Weights  and  measures,  English,  28 
Weise's  systems  of  crystals,  107 
Wet-bulb  hygrometer,  283 
Wheatstonc's  measurement  of  velocity  of 

electricity,  852 
Wood,  conduction  of  heat  by,  212 

Zamboni's  pile,  448 

Zeolites,  late  formation  of,  at  Plombieres/ 

96 
Zincode,  anode,  or  positive  pole,  419 
44       hottest  in  voltaic  arc,  417 
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